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The expression of eukaryotic protein-coding genes. 
One of the answers to the question "What makes a fertilized egg develop into an 
organism consisting of many different cell types9" could be "Differential gene expression" 
And probably one of the most important questions in molecular biology is "How is differential 
gene expression brought about9" A few answers to this question can be found in this chapter 
The differences between cells are mainly due to differences in the relative concentrations 
of the proteins they contain A mammalian cell contains about 10 different proteins and a 
total of 50-1000 pg protein, ι e up to 10 protein molecules The rarest species may have a 
concentration of about 5 x 10 molecules per cell (e g transcription factors, Emerson et al, 
1985), whereas the most abundant proteins have a 100,000 fold higher concentration of about 5 
x 10 molecules per cell The erythrocyte presents an extreme example of differentiation with 
respect to the protein content, it contains 10 molecules of haemoglobin (Paul, 1982) 
The eye lens is another example of a tissue in which highly abundant tissue specific 
proteins are found, namely the crystallins The high concentration of crystallins in the lens 
forms the basis for the short-range interaction between these protein molecules which is 
necessary for transparency of the lens (Délaye and Tardicu, 1983) In addition, there is a 
concentration gradient of crystallins within the lens, which is thought to be responsible for the 
refractive index gradient in the lens (Sun, et al, 1984) This concentration gradient is probably 
established by differential synthesis of the various crystallins during development of the eye 
lens To determine whether in vivo crystalhn synthesis is regulated at the transcriptional level 
the studies presented in this thesis were undertaken To give some insight in the sequences 
and factors that could be involved in the expression of these genes an overview will first be 
given of the general characteristics of eukaryotic RNA polymerase II transcription units, 
followed by a discussion of specific features of the crystalhn genes 
The control of the expression of a eukaryotic gene is reflected by the concentration of 
functional mRNA in the cytoplasm This concentration can be controlled by modulation of any 
of the many steps which lead to the formation of the mRNA The rate of transcriptional 
initiation, termination and RNA processing can fluctuate in specific situations and the stability 
of mRNA may vary under different circumstances It is therefore evident that the complex 
pathway of mRNA synthesis can play an important regulatory role in the expression of 
eukaryotic genes 
Transcription of eukaryotic protein-coding genes 
Chromatin structure. DNA topology. DNAse sensitivity and DNA methylation 
DNA is packed within the cell nucleus in a highly organized protein-complexed form 
called chromatin Chromatin is built up from nucleosomes in which the DNA is wound around 
histones in units of about 200 bp Nucleosomes are packed in higher order structures called 
"solenoids", in which the nucleosomes are coiled into structures with a diameter of 20-30 nm 
(Worcel and Banyajati, 1977) Higher orders of coiling are responsible for the packaging of 
chromatin into metaphase chromosomes It is unlikely that the highly condensed chromatin is 
accessible to RNA polymerase and it is generally thought that some decondensation of 
chromatin must precede activation of transcription Actively transcribed genes remain 
organized in nucleosomes (e g Ganglio et al, 1979) How the RNA polymerase molecule, 
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which has about the same size as a nucleosome, is capable of transcribing the nucleosomal 
DNA has still to be ascertained. 
The idea that actively transcribed sequences are more accessible to enzymes and other 
proteins was already tested and confirmed 10 years ago. Weintraub and Groudine (1976) 
showed that in chicken erythrocytes the active globin genes are sensitive to digestion by 
DNAse I, whereas these genes are insensitive to digestion in the oviduct. From the analysis of 
proteins released by DNAse I digestion it was concluded that active chromatin is often 
associated with non-histone proteins of the so-called high mobility group (HMG's; Albanese 
and Weintraub, 1980). HMGs 14 and 17 can be eluted from chicken erythrocyte chromatin 
after which the globin genes are no longer sensitive to digestion by DNAse I (Weisbrod and 
Weintraub, 1979). 
Hypersensitive sites for DNase I are present in the vicinity of transcribed regions. For 
instance, Wu and Gilbert (1981) showed that in an insulin secreting tumour the region from 
about 300 bp upstream to the cap site of the insulin gene is hypersensitive to DNAse I 
digestion, whereas the same region is not sensitive in liver, spleen, kidney and brain. Nuclease 
hypersensitivity is usually confined to discrete domains within the 5' and 3' flanking regions of 
expressed genes and accumulating evidence from a variety of mammalian systems indicates 
that hypersensitivity is correlated with the binding of trans-active factors to these regions 
(Emerson et al., 1985; Plump et al., 1985; Weintraub, 1985). 
Many observations suggest that DNA topology is also important for proper gene 
expression (see review by Weintraub, 1985). For instance, when supercoiled DNA templates 
are injected into frog oocytes, a high level of expression is observed. However, if the oocytes 
are subsequently injected with a restriction enzyme that cleaves the template transcription 
ceases (Harland et al., 1983). Chromosomal DNA topology may differ depending on the state 
of cell differentiation and can be influenced by extra-cellular agents such as hormones, drugs, 
stress etc. These factors can also influence the interaction of trans-acting factors with the 
chromosomal DNA and hence alter gene expression. 
Finally, there is an inverse correlation between the extent of DNA methylation and gene 
expression. All eukaryotic DNA contains m Cyt. It is the sole modified base and these 
methylated cytosine residues appear exclusively at CpG sequences, except for plant DNA 
where m Cyt can also occur in CpXpG sequences (Razin and Szyf, 1984). In no cell type 
complete methylation of CpG sequences has been found. Weintraub et al. (1981) showed an 
inverse relationship between the chicken a-globin gene activity and DNA methylation. Such an 
inverse correlation was also described by Mandel and Chambón (1979) who showed that 
methylation of sites surrounding the ovalbumin, conalbumin and ovomucoid genes was low in 
the oviduct of laying hens as compared to other organs such as liver, spleen, kidney and brain. 
Hence, these observations suggest an influence of DNA methylation on gene expression. 
Razin and Szyf (1984) have compiled the analysis of 30 genes and summarized their 
conclusions in a review on methylation patterns. These conclusions are that hypomethylation 
of eukaryotic genes is site- or tissue specific and that most active genes are extensively 
hypomethylated (see also Bird, 1984). However, undermethylation is not the only prerequisite 
for gene expression and it should be emphasized that some genes can be expressed very 
efficiently despite the fact that they are heavily methylated (Macleod and Bird, 1983). 
Interestingly, Drosophila DNA appears to be unmethylated (Urieli-Shoval et al., 1982) and 
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thus in this organism regulation of gene expression cannot be mediated by altering the 
methylation state of the DNA. Other invertebrates generally have a minor fraction of 
methylated DNA, but no clear example of a methylated gene has yet been detected in 
invertebrates (Bird, 1984). 
It is more probable that methylation serves to "lock" regions in an activated or repressed 
state. This conclusion may be drawn from experiments performed with the cytidine analog 5-
aza-C, which, when incorporated into DNA, serves as a potent inhibitor of the eukaryotic 
methylase. Derepression of a methylated gene was demonstrated by treatment of a β -
thalasscmic patient with 5-aza-C. Due to demethylation the repressed fetal γ-globin gene was, 
at least transiently, reactivated (Ley et al., 1982). In contrast, however, a mouse H2 major 
histocompatibility gene was found to be more methylated in the expressed state. The activity 
of the gene was repressed following treatment with 5-aza-C (Tanaka et al., 1983). 
The tissue specific pattern of methylation of a gene is probably a necessary, but not 
sufficient, prerequisite for gene activity and it is likely that other cellular factors are required 
for full activity of a gene. 
Eukaryotic transcription control sequences 
In order to start transcription at the right place the RNA polymerase II molecule must be 
directed by DNA sequences and DNA-protein complexes. The stretch of DNA that functions 
to initiate the transcription of a gene at the correct position is called the promoter. This DNA 
region contains the RNA polymerase binding site but also includes other sequences that are 
necessary for the controlled expression of the gene. The most striking sequence homology 
found upstream of the protein-coding genes is the so-called TATA box, which is located about 
30 nucleotides upstream from the transcription initiation site. This sequence, which is the only 
sequence which is indispensable for in vitro transcription, appears to be involved in the precise 
positioning of the start site (Breathnach and Chambón, 1981). In vivo, deletion of the TATA 
box results in heterogeneous starts but does not abolish transcription of the gene. The 
conclusion that this sequence is necessary for accurate initiation comes from the observation 
that in cases where the TATA box is naturally missing (Baker et al., 1979; Flavell et al., 1979; 
Tunnacliffe et al., 1986), and in those cases in which it has been deleted, multiple initiation 
points can be observed (Benoist and Chambón, 1981; Grosschedl and Birnstiel, 1980a; Dierks 
et al., 1981; Grasveld étal., 1982). 
Other sequences involved in the transcription of genes by RNA polymerase II are located 
further upstream from the transcription initiation site. For instance, the control region of the 
Herpes simplex virus thymidine kinase (tk) gene has been analysed in great detail using the 
"linker scanning" method (McKnight and Kingsbury, 1982). This study revealed two separate 
domains, lying about 50 and 100 nucleotides upstream of the transcription start site, both of 
which are required for efficient expression of the tk-gene. Similar results have been obtained 
for many protein-coding genes where upstream sequence domains, necessary for in vivo 
transcription, have been located around position -75 (the so-called CAAT box; e.g. Dierks et 
ai, 1981). 
A number of housekeeping genes lack TATA and CAAT boxes. For example, these 
sequences have not been found in the genes coding for hypoxanthine phosphoribosyl 
transferase (HPRT, Melton et ai, 1984), 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) 
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reductase (Reynolds et al., 1984) and adenosine deaminase (ADA, Valerio et al., 1985). In 
these three cases the DNA region upstream of the transcription initiation site(s) is extremely 
GC-rich. The HMG CoA gene transcription is initiated at at least 8 start sites, whereas the 
ADA mRNA shows minor heterogeneity at its 5' end. The HPRT gene, however, has one 
predominant site for transcription initiation, despite the absence of a TATA box. 
Sequences such as the TATA and CAAT box have a fixed position with respect to the 
transcription initiation site(s) of a gene and are only functional at that particular position. 
Other sequence domains exist which can be placed at variable positions with respect to the 
gene and which influence gene expression irrespective of their position. Grosschedl and 
Birnstiel (1980b) described a DNA fragment located from 184 to 524 nucleotides upstream of 
the sea urchin histone H2A gene, which is necessary for high level expression, but which is 
even more effective when inverted or transposed to other parts of the gene cluster. They 
named this sequence a "modulator". Sequences with similar characteristics to this "modulator" 
sequence of the histone gene have been found in the vicinity of many genes. The prototype of 
these sequences is the 72 bp repeat of SV40, which is located 150 bp upstream of the early 
mRNA initiation site. These sequences have been named "enhancers". Enhancers appear to 
increase transcriptional efficiency in a manner relatively independent of their position and 
orientation with respect to the gene. Moreover, most enhancers are able to stimulate the 
expression of heterologous genes (Banerji et al., 1981). Some enhancers exhibit tissue 
specificity. For instance. Gillies et al. (1983) and Banerji et al. (1983) showed that the 
immunoglobulin heavy chain enhancer operates efficiently in lymphoid cells but not in 
fibroblasts. It is conceivable that tissue specificity is determined by a factor or factors which 
can recognize and interact with a particular enhancer and that these factors may be present at 
different levels in different cells. More and more sequences with enhancer activity are being 
discovered and many investigators are now trying to identify the nuclear factors which interact 
with these DNA elements. 
The isolation and characterization of nuclear factors which interact with regulatory DNA 
sequences started with the development of in vitro transcription systems (e.g. Manley et al., 
1980). The subsequent fractionation of such cell-free extracts resulted in the isolation of factors 
specifically required for transcription initiation (see McKnight and Tjian, 1986). Two types of 
transcription factors can be distinguished so far. Factors of the first type are required for 
transcription of all protein coding genes. One of these factors was identified first in Heia cell 
extracts. This factor is thought to bind to the TATA box during initiation of transcription 
(Davison et al., 1983). Another factor (Spi) specifically binds to a GC-rich region of the 
(SV40) promoter (Dynan and Tjian, 1983a; 1983b). This latter factor specifically binds to 
certain (cellular) sequences and is a member of the second group of transcription factors, 
which are more or less promoter specific. 
In Drosophila cell extracts two types of transcription factors have also been found. One 
factor, the so-called B-factor, binds to the TATA box - cap site region (Parker and Topol, 
1984a) and is probably much like the TATA-binding factor found by Davison et al. The 
second factor (HSTF) is an example of a promoter specific factor. It binds upstream of the 
TATA box of the hsp 70 gene and is thought to activate this promoter upon heat shock 
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(Parker and Topoi, 1984b). Recently, the identification of nuclear factors involved in cell-
specific gene expression has been described. In the case of the human immunoglobulin heavy 
chain gene (Ohlson and Edlund, 1986) as well as the rat insulin gene (Maeda et al., 1986) the 
interaction of a cell-specific nuclear factor with the gene specific enhancer is believed to 
stimulate the expression of the adjacent gene. The isolation of these tissue-specific trans-
acting factors now enables the investigation of their influence on induction and maintenance of 
cell-specific transcription and will undoubtedly provide a further insight in the regulation of 
gene expression. 
Transcription initiation and termination 
When the chromatin is in an active form and all factors necessary for the transcription of a 
particular gene are available and in the proper position the gene can be transcribed by RNA 
polymerase II. 
Initiation of transcription usually takes place at one position on the DNA template, the 
cap site. However, as already mentioned above, the transcription start site of eukaryotic genes 
can be very heterogeneous. Multiple 5' ends have been found for many mRNAs (Baker et al., 
1979; Cowie et al., 1982; Malek et ai, 1981 and references above). Alternative start sites can 
also be the result of tissue specific regulation of transcription. For instance, the mouse a-
amylase gene is initiated at one site in the salivary gland but at another in the pancreas 
(Hagenbiichle et al, 1980). 
Whereas the 5' terminus of the mRNA is also the transcription start site, the 3' end of the 
mature mRNA is not the end point of transcription. Transcription is always terminated 
further downstream. Eukaryotes show both transcription termination at a precise site 
(Maderious and Chen-Kiang, 1984) as well as termination within a few hundred nucleotides 
(Fraser et ai, 1979; LcMeur et al., 1984). The sequences involved in transcription termination 
are presently being investigated by mutational analysis. Removal of a 130 nucleotide stretch 
adjacent to the coding sequence of the histone H2A gene caused transcriptional readthrough 
into the downstream HI gene, indicating that transcription termination in the histone genes 
depends on a comparatively short stretch of spacer DNA (Birchmeier et al., 1984). The 
insertion of a downstream element of the mouse ß-globin gene, including the area of 
heterogeneous transcription termination, into the adenovirus EIA gene causes transcription 
termination in an orientation-dependent manner (Falck-Pedersen et al., 1985). 
Posttranscriptionally each RNA polymerase II transcript is cleaved. The downstream 
RNA segment that is cleaved from the mRNA precursor in the 3' processing reaction is 
extremely unstable. A half life of considerably less than 10 minutes was reported recently for 
these RNA sequences of the mouse ß-globin transcripts (Citron et ai, 1984). 
The upstream segment is polyadenylated at the 3' end. The poly(A) tail usually has a 
length between 100 and 200 residues. The poly(A) addition signal is formed by the sequence 
AAUAAA in the 3' non-coding region of the mRNA. This sequence is located 10-30 
nucleotides upstream from the polyadenylation site (Proudfoot and Brownlee, 1976). In some 
cases there are several poly(A) addition signals present. For instance, the adenovirus late 
transcription unit contains five possible poly(A) sites. During transcription one of these sites is 
selected and the poly(A) tail is added at that position. In general the preferential sequence at 
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the site of addition is C(A). Poly(A) addition is a rapid and early event in the mRNA 
maturation process. The poly(A) tail appears to be added before splicing (see below) takes 
place (Nevins and Darnell, 1978). The effects of numerous deletions, insertions and point 
mutations (reviewed in Birnstiel et al., 1985) demonstrate that the AAUAAA motif plays a 
major role in selecting the site at which polyadenylation will take place. However, there are 
conserved sequences downstream the poly(A) addition site, the presence of which suggests a 
certain role in the polyadenylation process. These sequences often fit the consensus sequence 
PyGTGTTPyPy (McLauchlan et ai, 1985) or at least contain the trinucleotide TGT, in a 
region about 30 basepairs downstream from the AATAAA sequence. 
The transcripts of most histone genes are not polyadenylated. However, the 3' terminus is 
also generated by posttranscriptional cleavage and not by termination at the mRNA 3' end 
(reviewed by Birnstiel et al., 1985). A small nuclear riboprotein or "snurp" is actively involved 
in this process (Proudfoot, 1984). This snurp contains a 60 nucleotide RNA, termed U7 RNA 
(Strub et al., 1984). The U7 RNA sequence is complementary to conserved sequences 
downstream the histone mRNA coding sequences. For other genes a role for the U4 snRNA 
in the 3' processing process has been suggested (Berget, 1984), but not proven. Clearly, 
additional experiments are required to unravel the complex process of 3' end formation of 
mRNAs. 
Splicing 
Most eukaryotic genes are interspersed with non-coding sequences, the so-called introns. 
Eukaryotic genes that are not split, like the human interferon genes (Nagata et al., 1980) and 
the histone genes (Kedes, 1979), seem to be relatively rare. Splicing, the process in which the 
introns are removed from the primary transcript in order to join the coding sequences, occurs 
only in the cell nucleus. The process is directed by the splice junction sequences. Almost 
invariantly the 5' splice donor site contains GT as the first dinucleotide of the intron (however, 
see below), whereas the 3' splice acceptor site contains AG as the last dinucleotide of the 
intron (Mount, 1982). 
Ruskin et al. (1984) were one of the first to show that excision of an intron occurs in the 
form of a lariat. During this process a branch point is formed, by the joining of the guanosine 
residue of the 5' GT dinucleotide to an adenosine located in the 3' region of the intron, via a 
2'-5' phosphodiester linkage. Initially experimental results seemed to indicate that besides the 
splice junction sites no other sequences within the introns are involved in the splicing process 
(e.g. Wieringa et al., 1983; 1984). However, the finding of a conserved TACTAAC sequence 
near the 3' splice site in the introns of protein coding genes in yeast, which contains the branch 
site of the lariat, has led to a reinvestigation of the role of intronic sequences in higher 
eukaryotes. Some sequence elements have now been found in higher organisms which could 
be necessary for splicing, but no strong consensus sequence, like the TACTAAC box in yeast, 
could be established (see Keller, 1984). 
Based upon sequence homologies Rogers and Wall (1980) suggested that RNA splicing 
could be mediated by Ul RNA, a small nuclear RNA. This suggestion is supported by more 
recent experiments, which established that Ul and U2 snRNPs function in pre-mRNA splicing 
and recognize sequences in the pre-mRNA that are important for splicing. Ul snRNP binds 
the 5' splice site, whereas the U2 snRNP associates with the branch point region in the intron 
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(Mount et al, 1983, Black et al, 1985) Another snRNP (probably containing the U5 snRNA) 
specifically recognizes the 3' splice site of a pre-mRNA in a splicing extract (Chabot et al, 
1985) Step by step the molecular mechanism underlying the splicing machinery is being 
unraveled The recent discovery of the so-called sphceosomc (e g Brody and Abelson, 1985) 
is a new step towards a further understanding of the splicing process 
In contrast to the polyadenylation process splicing is a relatively slow process An extreme 
example is found in the case of the adenovirus fiber mRNA, after initiation of the splicing 
process it takes about 20 mm to produce the mature adenovirus fiber mRNA from its 
precursor (Nevins, 1979) Splicing may play an important role in the regulation of eukaryotic 
gene expression For instance, the speed of the process can control the number of available 
mRNA molecules released to the cytoplasm, but more intriguing, alternative splicing can result 
in differently spliced molecules from the same precursor RNA, thereby generating mRNAs 
coding for different proteins (Ziff, 1980, Amara et al, 1982) 
Once the mRNA is formed it is transported from the cell nucleus to the cytoplasm How 
this is accomplished and what mechanism discriminates between functional and non-functional, 
processed and unprocessed molecules remains to be established 
RNA stability 
The final concentration of mRNA in the cytoplasm is not only dependent on the rate of 
mRNA release from the nucleus but also on the relative stability of the mRNA in the 
cytoplasm 
It has been suggested that the poly(A) tail of the mRNA plays an important role in the 
stabilization of mRNA Huez et al (1974) have shown that after injection in oocytes globin 
mRNA can be active for a long period of time However, upon removal of the poly(A) tail 
the RNA is rapidly degraded (Huez et al, 1974, Marbaix et al, 1975) It appears that a stretch 
of only 30 adenylate residues is sufficient to stabilize the mRNA (Nudel et al, 1976) 
Selective mRNA stabilization under altered circumstances is found in the case of casein 
mRNA Exposure of breast expiants to prolactin not only raises the transcription rate of the 
casein gene, but also increases the stability of its mRNA 25-fold (Guyette et al, 1979) It is 
unclear how this stabilizing effect is obtained, but one could envisage the binding of the 
hormone with a specific mRNA degrading enzyme This interaction would than slow down the 
rate of casein mRNA degradation The stabilizing effect of prolactin is specific for casein 
mRNA since the authors have demonstrated that the half-life of total poly(A) RNA alters 
only slightly upon addition of prolactin 
Recently, it has been demonstrated that sequences in the 3' untranslated region of 
mRNAs may be responsible for selective mRNA degradation (Shaw and Kamen, 1986) These 
authors noted that a sequence within the 3' untranslated region of the gene for lymphokine 
granulocyte-monocyte colony stimulating factor (GM CSF) is highly conserved in evolution 
The insertion of this sequence into the 3' region of the very stable ß-globin mRNA (half-life 
more than 17 hours) resulted in a marked reduction of mRNA stability The accumulation of 
cytoplasmic ß-globin mRNA was reduced to as little as 3% of the wild-type level According to 
the authors the most likely explanation for the reduced mRNA stability is the recognition of 
an RNA binding protein involved in the specific degradation of transiently expressed mRNAs 
The assumption of the occurrence of such proteins also fits the hypothesis proposed above for 
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the selective stabilization/degradation of casein mRNA It therefore seems not unlikely that 
such regulating factors really exist and form another class of proteins involved in the regulation 
of cytoplasmic mRNA concentration 
The expression of gene families 
As will be discussed in detail at the end of this chapter the crystallm genes are organized 
in multigene families It is generally believed that gene families arose through successive 
duplications of an ancestral gene Many eukaryotic genes are members of larger gene families 
and occur either dispersed throughout the genome (e g tubulin genes Cleveland and Sullivan, 
1985) or arranged in a gene cluster (e g globin genes Fntsch et al, 1980, and histone genes 
Kedes, 1979) Most gene families identified so far are organized in the latter form 
The expression patterns of such gene families fall roughly into three classes genes such as 
the histone genes are expressed in all cell types, tubulin genes are also expressed in almost all 
cell types, but individual members of this family vary in the tissue specificity of their 
expression, whereas the expression of the various globin genes is confined to a specific 
developmental stage of a single tissue A brief discussion of each of these three gene families 
and their different expression patterns follows below 
The histone genes 
The histone genes (Kedes, 1979, Old and Woodland, 1984) can be divided into the 
predominant replication-dependent variants and the replication-independent replacement 
variants The expression of the former group is linked to the S-phase of the cell cycle The 
replication-independent genes are preferentially expressed in terminally differentiated tissues 
A third and minor class of histone genes is formed by tissue-specific vanants (e g H5 found in 
erythrocytes of birds) 
The replication-dependent histone genes represent a family of 5-20 well conserved genes 
per type of histone protein These genes contain no introns and their mRNAs carry a 
conserved palindromic sequence instead of a poly(A) tail at the 3' end (Schumperh, 1986) 
Although the genes are expressed with different efficiencies, the relative ratios of the 
transcripts from individual histone genes seems to remain constant throughout the cell cycle 
(Graves et al, 1985) Any hypothesis regarding the regulation of expression of histone genes 
must account for the coordinate control of expression of more than forty different genes for all 
five histone types by transcriptional and posttranscnptional processes 
The tubulin genes 
The tubulins are encoded by multigene families which direct the synthesis of peptides 
which are both highly conserved and heterogeneous (recently reviewed by Cleveland and 
Sullivan, 1985) 
Purified tubulin contains two different polypeptides which are present in equimolar 
amounts The two chains have different ammo acid compositions and have been named a- and 
ß-tubuhn (Bryan and Wilson, 1971) Sequencing of tubulin genes and cDNAs showed that 
there is a 40% homology between the a- and ß-polypeptides, suggesting a common 
evolutionary origin of the two subunits 
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In lower eukaryotes virtually each organism investigated so far contained small multigenc 
families of a- and ß-tubulin sequences, which generally were unlinked to each other in the 
genome. However, all conceivable possibilities of clustering and dispersion can be found 
among the tubulin gene families in the various organisms. 
In mammalian genomes large multigene families have been detected for either a- or ß-
tubulin. Many of the genes represent pseudogenes, most of which arose through a reverse 
transcription event (Wilde et al., 1982). 
The different tubulins are expressed in complex developmental patterns. In the most 
extensively studied vertebrate, the chicken, four ß-tubulin mRNAs are each encoded by a 
different gene (Lopata et ai, 1983; Havcrcroft and Cleveland, 1984). One gene (ß4') is 
constitutively expressed, the second (ß2) represents the dominant neural ß-tubulin gene, the 
third (ß3) is expressed to very high levels in testis and the fourth (ßl) is expressed in 
significant amounts only in a few tissue types (e.g. developing muscle). A similar situation is 
found in the rat (see Cleveland and Sullivan, 1985). For instance, the rat brain ß-tubulin pool 
increases from 3 species in the embryo to 14 species in adults, α-tubulin is present in 7 species 
which are present throughout development but change in relative abundance. 
Although preferential expression is often seen, no ß-tubulin subunit is truly cell type 
specific (Havercroft and Cleveland, 1984). It is clear that both the selection of genes that are 
to be expressed and the level of expression must be controlled by a regulatory mechanism. 
Despite all the information available now no model explaining the molecular mechanisms that 
specify the tissue specific program of expression of the tubulin genes has been presented yet. 
The globin genes 
As a representative of the third group of gene families mentioned above the ß-globin gene 
family will be discussed here. 
Haemoglobin is a tetramer composed of two α-like and two ß-like globin subunits. The 
composition of haemoglobin varies throughout early development. In the human embryo it is 
composed of ζ (α-like) and ε (ß-like) chains. The embryonic ζ globin is gradually replaced by 
a-globin. The ε-globin chain in human embryos is replaced by fetal γ-globin during the shift 
to liver erythropoiesis. Gradually these γ-globin chains are replaced by the adult β- and δ-
globins around the time of birth (Weatherall and Clegg, 1979). Thus, in the expression of the 
human ß-like globin genes two switches take place. However, in other organisms different 
numbers of ß-globin gene switches occur, only one switch in mouse (e.g. Konkel et al., 1979) 
but three switches in goat (Schon et ai, 1981). The α- and ß-globin gene families are 
expressed in such a way that the gene products are present in equimolar amounts. 
The human ß-like globin genes are located within 45 kb of DNA in the order 5'-ε- γ- γ-
ψβΙ-δ-β-З' (Fritsch et ai, 1980). This order coincides with the order of expression during 
development. The occurence of DNAse I hypersensitive sites (e.g. in chicken, Groudine and 
Weintraub, 1981) as well as selective undermethylation (e.g. in human, Mavilio et ai, 1983) 
correlates well with the sequential expression of the globin genes during development. 
Although of all known gene families the ß-globin gene family is one of the most 
extensively studied ones, no molecular model explaining the alterations in chromatin structure, 
the methylation state of DNA or the sequential expression of these genes has been established 
yet. 
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Evidently, the analysis of the regulated expression of eukaryotic gene families during 
development forms an important topic for molecular biological research From a histological 
point of view the eye lens appears as a simple system for the analysis of gene expression since 
the bulk of the lens consists of a single cell type, the lens fiber cell The fiber cell mass is 
overlain by a single layer of epithelial cells The fiber cells differentiate from the epithelial 
cells at the penfery of the lens From a molecular biological point of view the lens is somewhat 
more complicated since it requires for its proper biological function the regulated expression of 
at least the three gene families which encode the water-soluble lens proteins, the crystallins 
The crystallins 
The major lens proteins are called crystallins and they comprise more than 90% of the 
water-soluble protein fraction (for reviews see Harding and Dilley, 1976, Bloemendal, 1981) 
In rat (and most other mammals) three major crystallm classes, called the α-, β- and γ-
crystallms, are distinguished In birds and reptiles no γ-crystallin can be detected, but δ-
cryslalhn is found instead The crystallins are differentially synthesized during development 
(for review see Piatigorsky, 1981) 
Two primary α-crystallin gene products, aA2 and aB2, can be identified in most mammals 
(e g Ramaekers et al, 1982) In certain rodents a third, minor, α-crystallin is found, called 
аА
1ПЬ
 This protein is identical to aA2-crystallin but contains a 22 or 23 amino acid insert 
between amino acid residues 63 and 64 (e g Cohen et al, 1978) αΑ2 and αΒ2 have a 57% 
amino acid sequence homology 
Like the α-crystallins the ß-crystallins (except for ßs) form high molecular weight 
aggregates The ß-crystallins are very heterogeneous, representing at least ten different 
polypeptides m the rat lens (Ramaekers et al, 1982) However, not all these polypeptides are 
primary gene products In fact, only six or seven ß-crystallins are primary gene products while 
the other three or four are formed by posttranslational modification 
The γ-crystallins are monomenc proteins of about 20 kiloddlton In the rat six primary 
gene products have been found (Ramaekers et al, 1982) 
The fourth major crystallm gene family is formed by the δ-crystallins, which can only be 
found in the lenses of birds and reptiles (De Jong, 1981) There are at least two ô-crystallin 
polypeptides with a molecular mass of about 48-50 kilodalton 
The structure of the crystallin genes 
The a-crystallin genes 
The isolation of ctA-crystallin cDNA probes from rat (Moormann et al, 1981, Dodemont 
et al, 1981), mouse (King et al, 1982) and calf (Quax-Jeuken et al, 1985) has been described 
These cDNA sequences do not hybridize with aB2 mRNA, while the bovine aB2 cDNA 
(Quax-Jeuken et al, 1985) does not hybridize with aA2 mRNA, indicating that the two a-
crystdlhn genes have already diverged considerably 
Some of these cDNA clones have been used to isolate the 5' part of the mouse aA-
crystallm gene (King and Piatigorsky, 1983) and the complete hamster aA-crystallm gene (Van 
den Heuvel et al, 1985) Recently, the hamster аВ-crystallin gene has been isolated too 
(Quax-Jeuken et al, 1985) The comparison of this gene with the hamster ctA-crystallin gene 
shows that apart from the "ins-cxon" in the aA gene (see below) the organization of both 
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genes is similar The exon/intron borders are located at exactly the same position in the 
coding sequences of the genes These data provide evidence that both genes arose from 
duplication of one ancestral gene, which is thought to have happened more than 500 million 
years ago (De Jong, 1981) The aA- and aB-crystallin genes are not located on the same 
chromosome 
Interestingly, the last two exons of the hamster ctA-crystallin gene and the last two exons 
of the hamster aB-crystallin gene show a distant homology with the small heat shock proteins 
of Drosophila (hsp26), Caenorhabditis and soyabean (Van den Heuvel et al, 1985, Quax-
Jeuken et al, 1985) This suggests that parts of the ancestral α-crystallin gene arose from 
duplication of an ancestral heat shock gene After this duplication the two exons mentioned 
were probably combined with another (now the first) exon 
The ß-crystalhn genes 
Cloning experiments have resulted in the isolation of ß-crystalhn cDNA clones of several 
species (Dodemont et al, 1981, Inana et al, 1982, Hejtmancik and Piatigorsky, 1983, Quax-
Jeuken et al, 1984, Den Dunnen et al, 1985a) 
From cDNA cloning and sequencing experiments it appeared that the ß-crystallins are 
only 50-60% homologous Interestingly the ß-crystallins appeared to be distantly related to γ-
crystallms (see below), suggesting that these proteins evolved from a common ancestor 
(Dncssen et al, 1981, Inana et al, 1982, Den Dunnen et al, 1985a) The relationship between 
the β- and γ-crystallms is most apparent when the tertiary structures of the proteins are 
compared Bovine γΙΙ has two domains, each consisting of two similar "Greek key" motifs 
(Blundell et al, 1981) Interactive computer graphics model building based upon the 
crystallographic structure of bovine γΙΙ and the primary structure of bovine βΒρ and murine 
β23 (Wistow et al, 1981, Inana et at, 1983) showed that the ß-crystalhns have the same two-
domain, four motif structure as γ-crystallins However, most ß-crystallins have N- and C-
terminal extensions, which are not present in the γ-crystallins (Berbers et al, 1983) 
At present only two ß-crystalhn genes have been described a partial mouse β23 (βΑ3/Α1) 
gene clone (Inana et al, 1983) and the complete rat ßBl-crystallin gene (Den Dunnen et al, 
1986) In both cases the gene structure is directly related to the protein structure The four 
protein motifs are encoded by four separate exons and in the rat ßBl gene the N-terminal 
extension is also encoded by a separate exon Inana et al (1983) initially described that the 
N-terminal arm of the ß23 protein is encoded by the exon coding for the first protein motif 
However, sequencing of the ß23 (ßA3/Al) cDNA and ßA3/Al mRNA showed that this is not 
correct (Peterson and Piatigorsky, 1986) The N-terminal arm of the murine ß23 protein 
appears to be similar to other mammalian and chicken homologs and is presumably encoded 
by an exon located upstream of the first exon found by Inana et al (1983) Thus in the ß-
crystallin gene family each exon encodes a separate functional motif of the protein This has 
been found in many other genes like, for instance, the immunoglobulin genes (Tonegawa et 
al, 1978) and the globin genes (Tilghman et al, 1978) In all these genes there is a close 
relationship between gene structure and protein structure supporting the initial model of 
Gilbert (1978), who suggested that the exons of cukaryotic genes encode parts of the 
corresponding protein with a specific function Recently, Gilbert et al (1986) have refined 
this theory, stating that exons represent modules ι e polypeptides that fold in a compact 
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fashion Introns thus break up a gene into parts that define modular elements in the final 
protein In this view all genes were originally segmented and intron loss may have occurred in 
the course of evolution 
The rather heterogeneous ß-crystallin genes either occur as single genes (e g the rat ßBl-
crystallin gene, Den Dunnen et al, 1986) or clustered (e g the ßB2- and ßB3-crystallm genes, 
Aarts et al, in preparation) 
The γ-crystallin genes 
cDNA cloning has provided the first evidence that the γ-crystallins are encoded by a gene 
family γ-Crystallin cDNAs of rat (Dodemont et al, 1981, Moormann et al, 1982), mouse 
(Shinohara et al, 1982, Breitman et al, 1984), frog (Tomarev et al, 1984) and calf (Bhat and 
Spcctor, 1984) have been isolated Sequencing of the coding regions of these cDNAs revealed 
that the sequence is internally duplicated twice (e g Moormann et al, 1982) Like the β-
crystallins, the γ-crystallins contain four protein motifs which are arranged two by two in 
domains However, v-crystallins do not contain N- or C-terminal extensions 
The isolation of six rat γ-crystallin genes (Moormann et al, 1983, 1985), two mouse γ-
crystallin genes (Lok et al, 1984, 1985) and six human γ-crystallin genes (Maekin et al, 1985, 
Den Dunnen et al, 1985b) has been described In the v-crystalhn genes the information for 
the primary structure of the protein is contained in two exons, each exon encoding one domain 
ι e two motifs 
The four motif protein structure of the related β- and γ-crystallms suggests the evolution 
of both protein families from a common one motif ancestor Comparison of the v-crystallin 
gene structure with the structure of the ß-crystallin genes, where each motif is encoded by a 
separate exon, suggests that the β- and γ-crystallin genes have diverged after the duplication of 
one ancestral exon The two-exon gene that arose through this duplication probably 
duplicated further to form a ß-crystallin gene with four separate exons lor each motif, while 
the formation of a γ-crystallin gene was initiated by the loss of the intron so that the two 
"motif exons" were fused to one "domain-exon" (see Den Dunnen et al, 1986) The loss of the 
intron in the γ-crystallin genes can be most likely as a result of a reverse transcription event, 
the mature mRNA of an original two-exon gene (each exon encoding one motif) gave rise to a 
gene containing one exon (encoding two motifs ι e one domain) This exon then duplicated to 
form the γ-crystallin gene as it can be found now 
The γ-crystallin genes are arranged in a gene cluster, in a head to tail configuration 
Interestingly, in the human genome two pseudogenes were found (Maekin et al, 1985), 
whereas in rats all six γ-crystallin genes are functional (Moormann et al, 1985) 
The ft crystallin genes 
cDNA cloning of δ-crystallin mRNAs has resulted in the isolation of many cDNA clones 
(Nickerson and Piatigorsky, 1984 and references therein) however, they all derive from only 
one mRNA species The cDNA clones ha\e been used to isolate the δ-crystallin genes 
The chicken ft-crystallin gene family consists of two members, each containing 17 exons 
which are linked head to tail on one chromosome (Hawkins et al, 1984) The two chicken δ-
crystallm genes have been sequenced completely (Nickerson et al, 1985, 1986) and it turns out 
that the two genes are extremely homologous, with some exons exhibiting 100% homology 
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The corresponding proteins have a 91% homology. 
Eventhough both genes are very similar, also in their flanking regions, only the ôl-
crystallin gene has been found to be expressed in the lens (Nickerson and Piatigorsky, 1984; 
Yasuda et al., 1984). 
The expression of crystallin genes 
Analysis of the crystallin gene expression has revealed two interesting posttranscription al 
events. The first involves an alternative splicing of the aA-crystallin transcript in rodents. 
Both the mouse and the hamster aA-crystallin gene give rise to a primary transcript that is 
spliced in two different ways. The normal pathway gives rise to aA2-crystallin mRNA, the 
alternative splicing results in aA i n s mRNA. In the latter mRNA a stretch of 69 nucleotides 
has been inserted between the original codons 63 and 64. The splicing event responsible for 
the formation of this mRNA occurs with a rather low frequency of about 10% (King and 
Piatigorsky, 1984). This is most probably due to the fact that the splice donor site at the 3' end 
of the "ins-exon" contains GC as the first dinucleotide of the intron instead of GT as is the 
general rule (Mount, 1982). The alternative splicing event is not developmentally regulated 
and seems to be merely the result of chance (King and Piatigorsky, 1984). 
The second peculiar posttranscriptional event occurs during translation of the βΑ3/Α1 
mRNA, which apparently codes for two polypeptides, namely β Al and β A3. This became 
clear when the bovine and chicken βΑ3/Α1 cDNAs, were isolated by Ouax-Jeuken et al. 
(1985) and Hejtmancik and Piatigorsky (1983) respectively. The rather unusual alternative 
translation behaviour of the ßA3/Al mRNA is caused by the presence of two AUG codons 
close to the 5' end, both of which can be used to start the translation (each about 50% in the 
chicken; Peterson and Piatgorsky, 1986). The distance from the 5' end of the mRNA to the 
first AUG is rather short, only about 5 nucleotides, consequently the use of the second AUG 
codon may be stimulated. Other cases of more than one functional AUG start codon in a 
eukaryotic mRNA have been described earlier (e.g. Bos et ai, 1981). A growing body of 
evidence suggests that this phenomenom may not be as rare as originally thought and it is now 
believed that mammalian ribosomes are capable of translational reinitiation (Peabody and 
Berg, 1986). 
Sequences and factors involved in crystallin gene expression 
Studies regarding the identification of sequences and (transcription) factors involved in 
regulation of crystallin gene expression were initiated only recently. 
Studies on a-crystallin promoter activities have so far only been carried out using the 
mouse aA-crystallin promoter. The first succesful system to direct expression controlled by this 
promoter made use of embryonic chicken lens epithelia. The aA-crystallin gene sequences 
from -364 to +45 and from -87 to +45 were inserted in a CAT expression vector. 
Chloramphenicol acetyl transferase activity could only be detected in the lens epithelia in the 
experiments using the -364 to +45 fragment (Chepelinsky et al., 1985). 
This αΑ-crystallin-CAT gene construct was also microinjected into the pronuclei of 
fertilized mouse eggs. Two lines of transgenic mice were obtained carrying one or two copies 
of the construct (Overbeek et al., 1985). The CAT gene was expressed only in the eye lens of 
the mice and in no other tissue. CAT activity was first detected at about 12.5 days of 
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development, suggesting that the construct gene is coregulated with the endogenous aA-
crystalhn gene These experiments clearly demonstrate that the 5' end of the ctA-crystallin 
gene contains sequences necessary for the tissue specific expression of this gene 
That the stretch of DNA used in the construct described above is also sufficient to direct 
the tissue specific expression of other gene fusions was shown by Westphal et al (1986) 
These authors fused the aA-crystallm promoter region to the SV40 T-antigen coding sequence 
and microinjected this construct into mouse eggs They were able to isolate transgenic mice 
which developed eye tumours as the result of the T-antigen expression 
These expenments provide solid evidence that the signals for the tissue specific expression 
of the αΑ-crystallin gene are located within a few hundred nucleotides at the 5' side of the 
gene Further fine-mapping studies will be necessary to pinpoint the specific sequences that 
control the αΑ-crystallin gene expression 
Studies using ß-crystalhn promoter elements have not yet been carried out The only 
complete ß-crystalhn gene cloned so far, which could be used in such experiments, is the rat 
ßBl-crystalhn gene (Den Dunnen et al, 1986) Interestingly, the upstream region of the rat 
ßBl-crystalhn gene around the TATA box and cap site is very homologous to the region 5' of 
the rat γ-crystallin genes (Den Dunnen et al, 1986) A region of about 30 bp even shows 79% 
homology, but remarkably this sequence homology is shifted about 30 bp with respect to 
functional homology Still, this observation might point towards a similar functional role for 
these sequences, for instance in the control of the lens specific expression of the β- and γ-
crystallm genes 
Many γ-crystallin genes have been cloned and sequenced by now (see above), but only 
one succesful experiment to direct expression from a γ-crystallin gene promoter has been 
described (Lok et al, 1985) These authors used the chicken lens expiant system described 
earlier for the analysis of the aA-crystallm gene promoter In this system the transcriptional 
activity of γ-crystallin/CAT fusion gene constructs with varying lengths of upstream γ-crystallin 
gene sequences was analysed The constructs carrying 1281, 759, 551 and 392 bp upstream of 
the cap site were able to direct expression of the fusion genes in the epithelial lens cells 
However, only background CAT activity was detected m transfection expenments with 
plasmids carrying only 171 and 65 bp upstream of the cap site These data strongly suggest that 
the region between -392 and -171 is of vital importance to the γ-crystallin gene expression in 
these cells It is remarkable that the mouse γ-crystallin promoter can be active in the chicken 
lens expiants because chickens do not have γ-crystallin genes It is therefore not unlikely that 
crystdllin gene expression is regulated at least partly by a common lens-specific trans-acting 
factor which has been conserved in evolution 
Borras et al (1985) have shown that in transfected chicken lens epitheha δ-crystallin 
promoter-CAT gene fusions of both δ-crystallin genes can be active However, in this system 
the ôl-crystallin gene promoter is five times more active than the ô2-crystallin gene promoter 
It is possible that a CCAAT sequence around position -70, which is present in the δΐ promoter 
but not in the δ2 promoter, influences the efficiency of expression Interestingly, 
microinjection of a chicken δ-crystallin gene clone into nuclei of mouse lens cells (which do 
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not contain ô-crystallin genes) showed that these cells can transcribe the δ-crystallin gene 
efficiently (Kondoh et al., 1983). This experiment complements the experiment described 
above in which γ-crystallin promoters were shown to be active in chicken lens cells. These 
results further contribute to the idea that part of the crystallin gene expression is regulated by 
a factor which is common to all lens cells. 
The isolation of transcription factors from Hela cell extracts which bind to the ôl-crystallin 
promoter has been described recently (Das and Piatigorsky, 1986). One or more transcription 
factors appear to bind to a GC-rich region located between 121 and 38 bp upstream of the ôl-
crystallin gene. This factor, which is required for ô-crystallin transcription in the HeLa cell 
extract, is either Spi or an Spl-like protein. Spi has been shown to stimulate transcription of a 
number of viral and cellular genes (Gidoni et ai, 1985). It is however unlikely that that this is 
the only factor required for the lens-specific expression of ô-crystallin genes. In this respect it 
is noteworthy that RNA. transcripts of the ô-crystallin genes have been found in many non-lens 
tissues. In these cells most of the RNA is found in the nuclei and not in the cytoplasm. Most 
likely there is transcription of the ô-crystallin genes in these cells but no processing of the 
transcripts (Jeanny et al., 1985). 
The experiments described above give a few clues to the sequences, factors and 
mechanisms that are involved in the regulated expression of crystallin genes. However, it will 
also be clear that the largest part of the regulation of the crystallin mRNA metabolism remains 
to be elucidated. Therefore, the experiments described in the following chapters were designed 
to answer a few questions regarding crystallin gene expression, with the hope to add a little to 
the understanding of this process. 
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OUTLINE OF THIS THESIS 
The aim of the studies described in this thesis was to gain further insight in the expression 
of crystallin genes in the rat eye lens, with a special emphasis on the γ-crystallin gene family. 
In chapter II the characterization of the rat γ-crystallin gene family is described. This gene 
family consists of six very homologous genes, five of which are arranged in a gene cluster, 
while the sixth gene is located on the same chromosome but not in close proximity to the 
other five genes. This chapter also provides the evidence that these six genes are all functional. 
In order to obtain probes that could be used to follow the expression of each of the six rat 
γ-crystallin genes by Sl-nuclease mapping, intron-deleted clones of the 5' end of each gene 
were constructed. The method by which this was accomplished as well as the use of these 
clones to map the 5' ends of the transcripts are described in chapter III. 
To determine the sequential expression pattern of the different crystallin genes in the rat 
eye lens steady-state RNA levels were measured. This study of the developmental expression 
of the aA-, ßBl- and γ-crystallin genes is presented in the fourth chapter. 
In chapter V the time and place of aA-, ßBl- and γ-crystallin gene expression is studied 
using in situ hybridization. The fetal expression pattern of the three crystallin gene families 
will be described as well as a quantitation of the expression in different parts of the lens by the 
time of birth. 
Finally, in chapter VI the molecular analysis of a rat strain carrying a hereditary recessive 
cataract is described. Apart from a histological analysis the mutant rat lenses were analyzed at 
the RNA and protein level. In addition, restriction enzyme patterns of various crystallin genes 
in mutant and wild-type animals were compared. 
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ABSTRACT 
Rat genomic clones, which together contain all of the rat genomic γ-crystallin sequences, 
have been characterized. Five γ-crystallin genes are located on a contiguous DNA region, 63 χ 
10 base-pairs long. These genes, named (5') γΐ-l, γ1-2, γ2-1, γ2-2 and γ3-1 (3'), are all 
oriented head to tail. A sixth v-crystallin gene, named the γ4-1 gene, could not be linked to 
the γ-crystallin gene cluster with our present set of genomic clones. Mapping experiments using 
single copy sequences which form the extreme 5' or 3' region of the gene cluster showed that, 
if the γ4-1 gene is located on the same chromosome, then it must be separated from the gene 
cluster by at least 25 χ 10 base-pairs of DNA. 
All γ-crystallin genes have a similar mosaic structure. They contain a large (0.9 χ 10 to 
1.88 χ 10" base-pairs) intron in the middle of the gene and are further interrupted close to the 
5' end of the gene. The length of the first cxon varies from about 40 to about 50 base-pairs. 
The complementary DNA clone pRL^-3 used in this study is a copy of the transcript of 
the γ3-1 gene, while the second complementary DNA clone, pRL^-2, is most likely a copy of 
the transcript of the γ2-1 gene. It is further shown that rat lens messenger RNA protects 
fragments from the 3' ends of the four other γ-crystallin genes against degradation by Sl-
nuclcasc, hence all six γ-crystallin genes present in the rat genome must be transcribed in the 
lens. 
Repetitive sequences were found to be present between and around the γ-crystallin genes. 
Mapping with cloned repetitive sequences showed that three different repeats, designated A, В 
and C, occur more than once in the γ-crystallin gene cluster. Repeat С is also found in the γ4-
1 region. A repetitive region 3' to the γ3-1 gene contains members of all three repeat families. 
INTRODUCTION 
The transparent lens of the vertebrate eye develops from epithelial cells. These 
differentiate into so-called fiber cells, which then form the body of the lens while the epithelial 
cells are found on the anterior surface. Since the epithelial cells only differentiate into fiber 
cells at the equatorial zone of the lens, the lens grows by deposition of fiber cells at the 
periphery, and the embryonic and fetal fiber cells are found in the nucleus of the lens while 
the more adult ones form the cortex. The mature lens thus contains all developmental stages 
(for review, see Maisel et al., 1981). As a model for the study of gene regulation during 
development, the lens offers a further advantage: it synthesizes mainly a few abundant lens-
specific proteins, the crystallins. The synthesis of some of these crystallins, namely the β- and 
γ-crystallins, is found only in fiber cells and not in epithelial cells, making these proteins useful 
markers for studying differential gene expression during cellular differentiation (for review of 
crystallin biosynthesis, see Bloemendal, 1981). 
The structure and organization of the crystallin genes and their products are becoming 
known rapidly. The complexity of the crystallin messenger RNA population has been studied 
primarily by in vitro translation of lens mRNA. These studies have shown that there are, in 
most species, two primary a-crystallin products, aA and aB (Harding and Dilley, 1976). In 
some rodents an additional aA product is found, aA l n s , which is an extended aA chain 
formed by an alternative splicing of the precursor RNA (Cohen et al., 1978; King and 
Piatigorsky, 1983). The β- and γ-crystallin mRNA populations are more complex than the a-
crystallin mRNA. In the bovine lens (Berbers et al., 1982) or in the chicken lens (Heytmancik 
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and Piatigorsky, 1983) six different ß-crystallin mRNAs arc present, similarly six different γ-
crystallin mRNAs have been detected in the rat lens (Ramaekers et al., 1982). These data 
indicate the presence of multiple copies of the β- and γ-crystallin genes in the vertebrate 
genome. 
Recently, the sequence of a number of β- and γ-crystallins has been elucidated, either 
directly by protein sequencing, or indirectly by sequencing of a corresponding complementary 
DNA clone (Driessen et al., 1981; Inana et al., 1982, 1983; Berbers étal., 1984; den Dunnen et 
al., unpublished results; Croft, 1972; Blundell et al., 1981; Moormann et al., 1982; Tomarev et 
al., 1984; Lok et al., 1984). Unexpectedly, these data showed sequence homology between the 
β- and γ-crystallins, suggesting that these two protein families form an evolutionary related 
super family. This suggestion is supported by the fact that the predicted tertiary conformation 
of bovine βΒρ is very similar to the known crystallographic structure of bovine γ-crystallin-II: 
both consist of four "Greek key" motifs organised into two domains (Blundell et al., 1981; 
Inana et ai, 1983). Surprisingly, the mosaic structure of the β- and γ-crystallin genes differ 
markedly. In the rat γ3-1 gene an intron separates the two regions encoding the two domains, 
but these regions themselves are not interrupted (Moormann et al., 1983). In contrast, in both 
the murine ß23 and the rat ßBl gene the regions encoding the two domains of the protein are 
also interrupted by an intron, which subdivides the domain regions into two regions each 
encoding one of the motifs (Inana et ai, 1983; den Dunnen et al., unpublished results). Hence, 
if the β- and γ-crystallins derive from a common ancestral sequence, their evolutionary 
pathways have diverged before establishment of the "mature" precursors of the present β- and 
γ-crystallin genes. 
To provide a framework for studies of the developmental regulation of the expression of 
the β- and γ-crystallin genes, and to trace the events that have contributed to the formation of 
the present β- and γ-crystallin gene families, we have set out to elucidate the gene structure 
and chromosomal organization of these two gene families in the rat. We have reported the 
isolation of a number of genomic clones of both β- and γ-crystallin sequences and have shown 
that the rat ßBl gene is a single gene which is not closely linked to other ß-crystallin genes 
(Moormann et al., 1984). We show here that five of the six γ-crystallin genes in the rat are 
closely linked. We further show that all six rat γ-crystallin genes have the same mosaic 
structure and that all are transcribed in the rat lens. 
MATERIALS AND METHODS 
ai Materials 
Restriction enzymes were purchased from Bcthcsda Research Laboratories, New England 
Biolabs or Boehringer-Mannheim. Sl-nuclease was from Sigma, DNA polymerase from 
Boehringer-Mannheim and AMV reverse transcriptase from P.H. Stehelin and Cie. Phage T4 
polynucleotide kinase and RNAsin were supplied by Bethesda Research Laboratories. Gene 
Screen was purchased from New England Nuclear and P-labeled triphosphate 
dcoxynucleotides (3000 Ci/mmol) from the Radiochemical Centre, Amersham. 
36 
b) Isolation and characterization of DNA 
All procedures used in the analysis of the genomic clones or subclones thereof have been 
described in detail (Moormann et al, 1983, 1984) 
c) Isolation and characterization of RNA 
Lenses were removed from freshly killed one-week-old rats and homogenized m 6M-
guanidimum chloride, 0 1 M-potassium acetate (pH 5 0) RNA was further purified by CsCl 
centnfugation as described by Glisin et al (1974) For Northern blotting, 5 μg of total RNA 
were electrophoresed on a formaldehyde/1% (w/v) agarose gel in 10 mM-NaPO. (pH 7 1) 
(Rave et al, 1979) and transferred to Gene Screen Hybridization with the P-labeled, Pstl-
excised insert of the cDNA clones pRL-Y-2 or/and -3 was under the conditions recommended 
by the supplier of Gene Screen 
d) Sl-nuclease mapping 
The P-labeled probes were synthesized in vitro as described (Hu and Messing, 1982) 
using the appropriate restriction fragment subcloned in M13mp8 or mp9 as a template and the 
18 nucleotide long synthetic oligonucleotide described previously (Moormann et al, 1982) as 
primer DNA was separated from unincorporated P-dATP by chromatography over 
Sephadex G50 and then extracted with phenol/chloroform to remove traces of RNAse A 
portion of the labeled DNA, corresponding to 0 05 μg of template DNA, was mixed with 3 μg 
of rat lens or carrier RNA and then precipitated with ethanol The precipitate was dissolved in 
the hybridization buffer and DNA was denatured by heating for 10 mm at 85°C as described 
by McClelland et al (1981) The hybridization mixture was transferred to 62CC and allowed to 
cool to 520C over a period of 10 h Subsequent treatment with Sl-nuclease (100 units) was 
according to McClelland et al (1981) The protected fragments from the 5' ends of the genes 
were separated on a 9% (w/v) Polyacrylamide sequencing gel while the fragments from the 3' 
ends of the genes were analysed on a 6% Polyacrylamide sequencing gel 
e) Primer extension 
The 15 nucleotide long primer used in these experiments corresponds to base-pairs 22 to 
37 of the second exon of the γ3-1 gene, and was synthesized by J van Boom and co-workers 
(Department of Organic Chemistry, Leiden University) This primer was extended essentially 
as described by Merritt et al (1983) 1 μg of total rat lens RNA was incubated with 6 ng of 
the 3'-32P-labeled primer in 50 mM-Tns HCl (pH 8 3), 6 mM-MgCl2, 40 mM-KCl, 10 mM-
dithiothreitol, 0 5 mM dNTPs and 0 25 units RNAsin/ml in a final volume of 20 μΐ for 20 mm 
at 420C followed by 15 mm at 40C Three units of AMV reverse transcriptase were then added 
and the mixture was incubated for 60 mm at 370C The reaction mixture was extracted with 
phenol and the nucleic acids were precipitated with ethanol The reaction products were 
analysed on a 9% Polyacrylamide sequencing gel 
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RESULTS 
Wc have isolated and characterized the two rat γ-crystallin cDNA clones pRL-v-2 and 
pRL-Y-3 (Moormann et al, 1982) When either one of these clones is hybridized to restriction 
digests of rat genomic DNA, a complex pattern is obtained (see Fig 1) Such a complex 
pattern is indicative of the presence of multiple copies of γ-crystallin sequences in the genome 
To characterize these sequences further and to determine their chromosomal organization, a 
number of genomic clones, either in λ or in cosmid vectors, were isolated (Moormann et al, 
1983, 1984) One of these genomic clones, XRCH-Y-3, has been described in detail and was 
shown to contain the γ3-1 gene which encodes the mRNA cloned as the cDNA clone pRL-y-S 
(Moormann et al, 1983) During the preliminary characterization of other genomic clones, we 
found that some of these clones had either restriction fragments in common or shared 
restriction fragments with XRCH-Y-3 On this basis the genomic clones could be divided into 
three groups, whereby each group defines a different genomic region The structure of each of 
these regions will be discussed separately below 
a) The γΐ-l. γ1-2 and γ2-1 gene region 
The restriction map of the 31 kb long insert of the cosmid clone pRcos-Y-4 is shown in 
Figure 2 When various single and double digests of this clone were hybridized with the 5', 
"middle" or 3' fragments of the cDNA clone pRL-Y-3 (Moormann et al, 1982), at least three 
fragments were always labeled (see, for example. Fig 3(b)) The location of these fragments 
on the restriction map of pRcos-Y-4 clearly shows that the genomic region contains three 
complete γ-crystallin genes It could further be deduced from the hybridization pattern of the 
5' and 3' cDNA fragments that all three genes are arranged in the same order with respect to 
transcription as shown in Figure 2 We have named these the γΐ-l, γ1-2 and γ2-1 genes 
In the EcoRI/Hindlll digest of pRcos-Y-4 as shown in Figure 3, only the 3 4 kb 
EcoRI/Hindlll fragment, which contains the γ2-1 gene, hybridizes strongly with the 3' Avail 
fragment of the cDNA clone pRL-Y-2 (Moormann et al, 1982) An identically sized 
EcoRI/Hindlll fragment which also hybridizes with the 3' Avail fragment of the cDNA clone 
pRL-Y-2 is found in an EcoRI/Hindlll digest of λRCH-γ-2 (see Fig 3) Further comparison of 
other restriction digests showed that XRCH-Y-2 indeed contains a γ-crystallin gene whose 
restriction map is identical to that of the γ2-1 gene as present in pRcos-Y-4 Hence XRCH-Y-2 
must contain the γ2-1 gene as well, and the region cloned in λRCH-γ-2 must partially overlap 
the region cloned in pRcos-Y-4 
Further hybridization analysis of XRCH-Y-2, as shown in Figure 3(b), indicated that this 
clone contained a second γ-crystallin gene This gene, which we have called the γ2-2 gene, is 
located downstream of the γ2-1 gene and oriented in the same direction (see Fig 2) Thus, the 
45 kb of genomic DNA present in pRcos-Y-4 and XRCH-Y-2 contains four closely linked γ-
crystallin genes, all oriented in the same direction 
bi The γ3-1 gene region 
We have characterized a genomic 17 5 kb bcoRI fragment, cloned in XRCH-y-S, which 
contains the γ-crystallin gene designated γ3-1 (Moormann et al, 1983) When we compared the 
restriction maps of the other genomic clones with that of the insert of XRCH-y-S, we noted 
that the restriction map of the γ-crystdllin gene and its flanking sequences present in the 
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cosmid clone pRcos-γ-Ι was identical to that of the γ3-1 gene (see Fig 2) Hence we feel 
confident to conclude that pRcos-γ-Ι contains a genomic fragment of the γ3-1 gene region 
However, the restriction map of pRcos-γ-Ι differs in the extreme 3' region from that of 
λΚ€Η-γ-3 For example, as shown in Figure 2, pRcos-γ-Ι contains a 2 6 kb BamHI fragment, 
while in the corresponding region of XRCH-y-S a 2 75 kb BamHI/EcoRI fragment is found 
Since the size of the EcoRI fragment cloned in XRCH-y-S corresponds to that of a genomic 
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Figure 1. (left) Identification of γ-crystallin sequences in rat genomic DNA Rat genomic DNA (20 μg) was digested 
with EcoRI (lanes 1), BamHI (lanes 2), Hindlll (lanes 3) or Xbal (lanes 4), electrophoresed on a 0 5% agarose 
gel, and transferred lo a nitrocellulose filter The filters were hybridized with the P-labeled PstI excised insert of 
the cDNA clone pRL-Y-2 (a) or with a mixture of the P-labeled PstI excised inserts of the cDNA clones pRL-v-2 
and -3 (b) Autoradiography was for 48 h Note that in the Hindlll digest some partial digest bands are visible The 
lengths (in kb) of size markers are shown in (a) 
Figure 2. (right) Restriction maps of the genomic clones containing γ-crystallin sequences The location and 
direction of transcription of the γ-crystallin genes are indicated Broken lines indicate regions of the genomic clones 
which are not contiguous to γ-crystallin sequences in the rat genome The filled bars identify the single copy 
fragments used as probes for the genomic organization of the corresponding sequences (see the text) For clarity 
not all restriction sites mapped are shown and for pRcos-Y-4 and XRCH-v-2 only those restriction sites necessary for 
the interpretation of the data presented in Fig 4 are given Additional restriction sites are shown in Figs 5 and 9 
Enzyme abbreviations В BamHI, Bg Bglll, E, EcoRI, H, Hindlll, Hp, Hpal, Ρ PstI S, SstI, Sa, Sail, X, Xbal, 
Xh, Xhol 
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γ-crystallin EcoRI fragment (see Fig. 1), we think it likely that pRcos-γ-Ι contains two non­
contiguous genomic fragments. The exact illegitimate recombination site has not been 
determined, but it must be located within the 2.6 kb BamHI fragment, as indicated in Figure 
2, since this fragment still hybridizes with the 3.4 kb Bglll fragment (bar in Fig. 2) derived 
from the extreme 3' end of the insert of XRCH-y-S (data not shown). We thus suggest that 
only the 5' half of the insert of pRcos-γ-Ι derives from the genomic region containing the γ3-1 
gene. No further rearrangements of this region have occurred during cloning, since its 
restriction map is identical to that of λRCH-γ-3 (see Fig. 2). Furthermore a single copy 
sequence EcoRI/Bglll fragment isolated from the region 5' to the γ3-1 gene in pRcos-γ-Ι (see 
the bar in Fig. 2) hybridizes to identically sized, i.e. 9.0 kb, cloned and genomic Xbal 
fragments (data not shown). 
The genomic region containing the γ3-1 gene is thus defined by the complete insert of 
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Figure 3. Hybridization patterns of digests of pRcos-Y-4 and ХКСН-у-2 with fragments of the cDNA clones pRL-
γ-2 and -3 (a) Ethidium bromide-stained pattern of an EcoRI/Hmdlll digest of pRcos-Y-4 (lane 1) and XRCH-Y-2 
(lane 2), of a BamHI digest of XRCH-Y-2 (lane 3) and of a BamHI/Bglll digest of XRCH-Y-2 (lane 4) after 
electrophoresis on a 0 5% agarose gel The lengths of the size markers are indicated in kb (b) Autoradiographs of 
blots of the gel shown in (a) after hybridization with P-labeled 5'. "middle" or 3' PstI fragments of pRL-y-S (see 
Moormann cl al , 1982), or the ' P-labeled 3' Avail fragment of pRL-Y-2 (see Moormann et al . 1982) Exposure 
time was 2 to 6 h The sizes (in kb) of the hybridizing bands are indicated Weakly hybridizing bands not easily 
visible on the photograph are indicated by arrows, bands marked with a dot are vector bands Hybridization to 
these fragments is due to contamination of the probe with its vector 
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с) The γ4-1 gene region 
The third cosmid clone, pRcos-y-S, contains an insert 35 kb long on which a single γ-
crystallin gene, which we denoted the γ4-1 gene, is located The exact location and the 
direction of transcription of this gene, as determined from the hybridization pattern of 5' and 
3' fragments of the cDNA cloned in pRL-Y-3, is shown in Figure 2 To allow a comparison 
between the organization of the γ4-1 gene region as present in pRcos-y-S and its genomic 
organization, additional restriction sites were mapped around the genomic γ4-1 gene using a 
1 8 kb Bglll/SstI fragment (see the bar in Fig 2) located directly upstream from the 5' end of 
the γ4-1 gene in pRcos-y-S, as probe This fragment hybridized to a 10 5 kb EcoRI fragment, 
a 10 3 kb Xbal fragment and a 10 5 kb Hpal fragment in the corresponding digests of genomic 
as well as cloned DNA Thus, the region around the γ4 1 gene from the 5' Xbal site to the 3' 
Hpal site as present m pRcos-y-S agrees with the genomic organization 
Since the 1 8 kb Bglll/Sstl fragment of pRcos-y-S used as a probe contains a Hpal site 
(see Fig 2), a second genomic fragment besides the 10 5 kb fragment mentioned above should 
have been detected in Hpal digests of genomic DNA Indeed, a band at 21 5 kb is seen, 
indicating the presence of an Hpal site in the genome 21 5 kb upstream from the Hpal site 5' 
to the γ4-1 gene (data not shown) No such site is present in pRcos-y-S, in spite of the fact 
that, as indicated in Figure 2, the insert extends 24 5 kb upstream from the 5' Hpal site 
Similarly, in a BamHI genomic digest, a fragment of 19 0 kb hybridizes with the 1 8 kb 
Bglll/Sstl fragment of pRcos γ-З (or with the cDNA clones pRL-Y-2 and -3, see Fig 1), yet, as 
shown in Figure 2, the minimum size of the corresponding BamHI fragment of pRcos-Y-3 is 
22 0 kb (the distance from the BamHI site 5' to the γ4-1 gene and the 3' junction of the insert 
with the vector) Hence, we conclude that the region upstream from the Xbal site 5' to the 
γ4-1 gene in pRcos-y-S does not correspond to the region flanking the γ4-1 gene in the 
genome Again the insert of pRcos γ-З probably results from illegitimate ligation during the 
cloning procedure The illegitimate ligation site must be to the left of the 5' Xbal site but is 
difficult to map exactly since this region is highly repetitive and we have as yet been unable to 
identify a suitable single copy fragment which could be used as a probe for this region 
dì Linkage of the γ-cryslallin genes and structure of 
It is evident from the structure of pRcos-Y-4 and λΚΟΙ-γ-2 that at least four of the γ-
crystalhn genes, namely the γΐ-l, γ1-2, γ2-1 and γ2-2 genes are closely linked We therefore 
asked whether the other two γ-crystallin genes, γ3-1 and γ4-1 genes, are also part of this gene 
cluster or whether they are located elsewhere in the genome Comparison of EcoRl/Xbal 
restriction digests of XRCH-Y-2 and pRcos-γ-Ι suggested that these clones might contain 
overlapping genomic fragments in both digests a 4 3 kb EcoRI/Xbal fragment is seen (Fig 
4(a), lanes 1 and 2) A single copy probe, isolated from the 4 3 kb EcoRI/Xbal fragment of 
λΚΟΗ-γ-2, also hybridizes with the 4 3 kb EcoRI/Xbal fragment of pRcos-γ-Ι (Fig 4(b), lanes 
1 and 2) Hence these two fragments correspond not only in size but also in sequence and the 
3' region of XRCH-v-2 overlaps the 5' region of pRcos-γ-Ι Alignment of the restriction maps 
of XRCH-Y-2 and pRcos-γ-Ι at the EcoRI and Xbal sites shows that the γ3-1 gene is located 
about 10 kb downstream from the γ2-2 gene and oriented in the same direction as the other 
four genes of this cluster (see Fig 5) 
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If the γ4-1 gene is also part of this cluster, then it must be located either upstream from 
the γΐ-ΐ gene or downstream from the γ3-1 gene (see Fig 5) However, a comparison of the 
restriction map of the 5' end of pRcos-Y-4 or of the 3' end of λΚ€Η-γ-3 with the map of 
pRcos-Y-3 shows no obvious overlap We therefore extended the genomic BamHI restriction 
map of the 5' end of the γ-crystallin gene cluster by hybridizing the 0 9 kb EcoRI/BamHI 
fragment derived from the 2 6 kb EcoRI fragment, located at the 5' end of pRcos-Y-4 (sec Fig 
5), to a BamHI digest of genomic DNA a band of 17 5 kb was labeled The γ4-1 gene is, 
however, located on a 19 kb BamHI fragment (see above) Thus, if the γ4-1 gene is located 
upstream from the γΐ-і gene (and oriented in the same direction), then these two genes must 
be separated by at least 27 kb of DNA If the γ4-1 gene is oriented in the opposite direction, 
then the intergenic distance must be at least 25 kb 
Similarly, to extend the genomic restriction map of the 3' end of the -y-crystallin gene 
cluster, the 0 8 kb Bglll fragment, located at the 3' end of XRCH-Y-3 (see Fig 2), was 
hybridized to an Hpal digest of genomic DNA A band of 19 kb was labeled However, as 
mentioned above, the γ4-1 gene is located on a 22 0 kb Hpal fragment Hence, if the γ4-1 
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Figure 4. Linkage of the yVl gene with the y cryslalhn gene cluster (a) Ethidium bromide-stained pattern of an 
EcoRI/Xbal digest of XRCH-y-Z (lane 1) and pRcos-γ-Ι (lane 2) after electrophoresis on a 0 5% agarose gel (b) 
Autoradiograph of a blot of the gel shown in (a) after hybridization with the Ρ labeled 1 2 kb Xbal/SstI fragment 
derived from the 3 flanking region of the γ2-2 gene in XRCH-y-l (see Fig 2) Exposure was for 2 h The size of 
the hybridizing fragments is indicated 
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gene is located downstream from the γ3-1 gene and oriented in the same direction, then the 
distance between these genes must be at least 47 kb. If the γ4-1 is oriented in the opposite 
direction, then the intcrgenic distance must be at least 32 kb. Thus, if the γ4-1 gene is linked 
to the other γ-crystallin genes, then it must be relatively much further away than the distance 
separating the other genes (the largest intergenic distance observed is that between the γΐ-ΐ 
and the yl-2 genes, which is 11.5 kb). 
The composite restriction map of the у-сгУ^аШп gene cluster and the γ4-1 gene, as 
deduced from the structure of the various genomic clones, is shown in Figure 5. Comparison 
of this map with the genomic hybridization pattern of the two γ-crystallin cDNA clones (see, 
for example. Fig. 1), shows that all genomic fragments can be accounted for. Hence, we have 
elucidated the organization of all the γ-crystallin sequences present in the rat genome. 
Furthermore, the lengths of the genomic restriction fragments containing γ-crystallin sequences 
correspond exactly to those derived from the composite restriction map shown in Figure 5. 
The organization of the γ-crystallin genes as shown here thus properly reflects the genomic 
organization of these genes. 
e) Repetitive elements in the γ-crystallin gene cluster 
During the analysis of the inserts of the cosmids and λ clones, we noted that several of the 
cloned DNA fragments hybridized not only to their homologous genomic counterparts but to 
several other genomic fragments as well. Some of these fragments even yielded a smear, which 
indicated that these fragments contain sequences which are highly repeated in the rat genome. 
To determine the number and the location of the repetitive sequences in the γ-crystallin gene 
cluster and in the γ4-1 gene region, we hybridized P-labeled rat genomic DNA to digests of 
cloned DNA (see Fig. 6). The results of these experiments are summarized in Figure 7, in 
which the regions containing repetitive sequences arc indicated on the Bglll restriction map of 
the γ-crystallin gene cluster and the γ4-1 gene region. 
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Figure 5. Composite restriction map of the v-crystallin gene cluster and the γ4-1 gene region. The location and 
extent of the regions present in the genomic clones is indicated Only those regions which derive from the γ-
crystalhn gene cluster or the γ4-1 gene region are shown for pRcos-γ-Ι and pRcos-v-3 The location and direction of 
transcription of the six γ-crystallin genes are also shown The sizes of the fragments geneiated by five restriction 
enzymes are indicated in kb. See the legend to Fig. 2 for abbreviations 
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Three of these genomic repeats occur more than once in the γ-crystallin gene region, since 
some of the restriction fragments which contain such a sequence cross-hybridize with other 
cloned restriction fragments. The location of these three repetitive elements designated A, В 
and C, was determined more precisely by hybridizing the appropriate restriction digests of the 
cosmid or λ clones with cloned restriction fragments containing a representative of one of 
these repeats (the restriction fragments used are indicated with an arrow in Fig.7). As shown 
in Figure 7, repeat A is found in the regions flanking the γ2-1 gene, in the intron (see below) 
of the γ2-1 gene and downstream of the γ3-1 gene. All members of repeat В present in the γ-
crystallm region are also found downstream from the γ3-1 gene. This region is apparently a 
composite repeat region, since it not only contains repeats A and B, but a member of repeat 
family С as well. Repeat С is found in the regions flanking the γ2-1 and the γ2-2 genes and 
also in the large intron (see below) of the γ4-1 gene. 
f) Transcription of the γ-crystallin genes 
We have shown above that six γ-crystallin genes are present in the rat genome. At least 
two of these six genes must be transcribed since two different γ-crystallin cDNA clones have 
been isolated (Dodemont et al., 1981; Moormann et al., 1982). One of these cDNA clones, 
namely ρΚί-γ-3, is identical in sequence to the exons of the γ3-1 gene and must represent the 
transcript of that gene (Moormann et ai, 1983). The other cDNA clone, pRL^-2, is most 
likely a copy of the transcript of the γ2-1 gene, since only this gene hybridizes, under stringent 
conditions, with the 3' Avail fragment of this cDNA clone (see, for example, Fig. 3(b)). 
However, although up to six different γ-crystallin mRNAs could be present in rat lens RNA, 
Figure 6. Analysis of repetitive sequences around and within the γ-crystallin genes. The panels below pRcos-γ-Ι, 
pRcos-Y-3 and pRcos-Y-4 show the ethidium bromide-stained patterns of EcoRI/Bglll digests of these clones after 
electrophoresis on a 1% agarose gel (lanes 1). The hybridization patterns of these digests with P-labeled total rat 
genomic DNA are shown in lanes 2. The left panel below ШСН-у-2 subclones shows the ethidium bromide-stained 
pattern of digests of subclones of the insert of XRCH-Y-2 in pBR327 (these subclones cover the whole insert of 
XRCH-Y-2). lane 1, an EcoRI/Hindlll/Xbal/BamHI digest of a subclone of the 7.1 kb EcoRI/BamHI fragment 
containing the γ2-1 gene; lane 2, a BamHI digest of a subclone of the Ü.8 kb BamHI fragment neighboring the 7.1 
kb fragment shown in lane 1, lane 3, a BglH/EcoRI digest of the subclone of the 5 4 kb BamHI fragment 
containing the γ2-2 gene, lane 4, an EcoRI/Pstl/Sstl/BamHI digest of a subclone of the 6 2 kb BamHI/EcoRI 
fragment neighboring the fragment shown in lane 3. In the panel on the right the hybridization pattern of these 
digests with P-labeled total rat genomic DNA are shown. The lengths in kb of size markers are shown 
Autoradiography was for up to 48 h 
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on d Northern blot of rat lens RNA only a single band, about 0 85 kb long, is found after 
hybridization with either one or other of the cDNA clones (Fig 8(a)) If all six different γ-
crystdllin mRNAs are present in rat lens RNA, then they apparently all have the same size 
and it will not be possible to discriminate between the transcripts of the various genes in this 
way Therefore, we determined the presence or absence of the transcripts of the various γ-
crystallm genes bv SI nuclease mapping (Berk and Sharp, 1977) Restriction fragments which 
overlap the putative 3' ends of the γ-crystallin genes were chosen for these experiments (for 
the exact location of the fragments used, sec Fig 9), because sequence data have indicated 
that the highest sequence divergence between the various γ-crystallin genes is found in this 
region (Schoenmakers et al, 1984, J den Dunnen, unpublished results) This sequence 
divergence is sufficient to allow us to distinguish between the transcripts of each gene by SI 
mapping Figure 8(b) shows the result of such an experiment in which restriction fragments 
that overlapped the putative 3' ends of the γΐ-ΐ, γ1-2, γ2-2 and γ4-1 genes were hybridized 
with rat lens RNA and subsequently treated with SI nuclease In all cases a distinct protected 
fragment is found (arrows in Fig 8(b)) In one case, namely for the γΐ 1 gene, the protected 
fragment has the same size as the third exon of the γ3-1 gene, namely about 330 base-pairs 
(Moormann et al, 1983) In the other three cases the protected fragments are shorter than the 
third exon of the γ3-1 gene and presumably contain only part of the last exon 
These experiments, together with the results of the cDNA cloning experiments 
(Dodcmont et al, 1981, Moormann et al, 1982), unambiguously demonstrate that all six γ-
crystdlhn genes are transcribed in the rat lens 
g) The mosaic structure of the γ-crvstallin genes 
The γ-crystallin mRNAs are only about 850 nucleotides long, yet inspection of our 
mapping data indicates that the genes occupy significantly more DNA and suggests that all of 
the γ-crystallin genes contain an intron(s) Sequencing studies of the γ3-1 gene have shown 
that this gene is interrupted by two introns one of 87 bp after the third translation codon and 
one of 1 88 kb located in the middle of the gene (Moormann et al, 1983) To determine 
whether all six γ-crystallin genes have this structure, the regions containing these genes were, 
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Figure 7. Location of repetitive sequences around and within the γ crystallin gene cluster and the γ4 1 gene region 
The location of repetitive sequences as determined from the hybridization pattern of P-labeled total genomic 
DNA іь shown on the Bglll restriction map of the v-crystallm gene cluster and the γ4-1 gene region Filled bars 
indicate regions with strong hybridization whereas open bars are regions which hybridize less strongly The 
restriction fragments used as representatives of repeats А В and С arc indicated by arrows Regions with high 
homology with repeat А В or С are shown as continuous lines the broken lines indicate regions with lower 
homology 
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after subcloning, analysed more precisely by restriction enzyme mapping and hybridization of 
the appropriate restriction digests with 5', "middle" or 3' specific fragments from either one of 
the two cDNA clones. The results of these experiments are summarized in Figure 9, which 
shows expanded restriction maps of the six γ-crystallin genes and the regions hybridizing with 
the fragments of the two cDNA clones. In all cases we observed that the regions hybridizing 
with the 5' and/or the 3' fragments of the cDNA clones are separated by a region that does 
not hybridize with either one of the cDNA clones (Fig. 9). Therefore all γ-crystallin genes 
must contain a large intron, located, within the limits of detection, at the same place in the 
middle of the gene. The sizes of these introns vary from 1.88 kb in the γ3-1 gene to about Ü.9 
kb in the γ2-2 gene. Whether all genes also contain a short intron in the 5' region, as was 
found in the γ3-1 gene, cannot be established from these experiments, since the longest cDNA 
clone, pRL^-3, contains only 8 bp 5' to the first splice site. The hybridization signal of these 8 
bp is too low to allow the detection of the first exon. The presence or absence of a 5' intron 
was therefore determined by Sl-nuclease mapping. The fragments used are indicated on the 
restriction maps of the six γ-crystallin genes shown in Figure 9. As can be seen there, all 
fragments overlap the putative 5' ends of the genes and all end at a (common) PstI site located 
in the beginning of the gene. In the γ3-1 gene this PstI site is located in the second exon, 






Figure 8. Transcription of the γ-crystallin genes (a) Autoradiograph of a Northern blot of total rat lens. RNA (5 
μ§) after hybridization with a mixture of the P-labeled PstI excised inserts of the cDNA clones pRL-Y-2 and -3 
(b) Autoradiograph of Sl-nuclease protected fragments after hybridization of 3 μ§ of total rat lens RNA with P-
labeled fragments denving from the 3' end of. from left to right, the γΐ-ΐ, γ1-2. γ2-2 and γ4-1 genes (see also Fig. 




1983). For the γ3-1 gene we thus expect a 72 bp fragment to be protected in an Sl-nuclease 
mapping experiment. Actually, since the last two base-pairs of the first exon are the same as 
the last two base pairs of the first intron (Moormann et al., 1983), the size of the protected 
fragment may vary from 72 to 74 nucleotides. As shown in Figure 10(a), a set of fragments 
centered around this size is indeed found when a fragment of the γ3-1 gene is used in an SI 
mapping experiment. Similarly sized fragments are also found when fragments from the five 
other γ-crystallin genes are used (see Fig. 10(a)), indicating that all genes are interrupted at a 
site 72 bp upstream from a Pstl site. Hence all six rat v-crystallin genes contain a second 
intron, located in the 5' region of the gene. 
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Figure 9. (left) The mosaic structure of the γ-crystallin genes. The map of the γ3-1 gene is taken from Moormann et 
al, (1983) and is shown for comparison. The maps of the other five genes were prepared as follows. The 
appropriate restriction fragment from a genomic clone was subcloned in either the plasmid vector pBR322 or 
pBR327, and these subclones were then further analysed by restriction enzyme mapping (note that for clarities sake 
not all restriction sites mapped are shown) and hybridization of restriction digests with P-labeled fragments of the 
cDNA clones pRL-v-2 and -3 Filled bars show the regions hybridizing with the cDNA clones, the underlined 
fragments were used in the Sl-nuclease mapping experiments The length of the first mtron is known only for the 
γ3-1 gene (Moormann et al., 1983), hence this intron is shown only in this gene. See the legend to Fig. 2 for 
abbreviations. 
Figure 10. (right) Analysis of the 5' ends of the v-crystallin genes, (a) Sl-nuclease mapping of the 5' ends of, from 
right to left, the γΐ-l, γ1-2, γ2-1, γ2-2, γ3-1 and γ4-1 genes 32P-labeled 5' fragments from each of the six genes 
were hybridized to 3 μg of total rat lens RNA (lanes marked +) or, as a control, to 3 μg carrier RNA (lanes 
marked -). The fragments deriving from the second exon (72 to 74 nucleotides long) and those corresponding to the 
first exons are indicated. The size (in nucleotides) of the bands was determined from a sequencing track run in 
parallel, (b) Autoradiograph of the products of a primer extension experiment (see Materials and Methods). The 
lengths of the bands (in nucleotides) were determined from a sequencing track run in parallel 
* - • 
' • M M 
M « i 
47 
Since the restriction fragments used in these SI-nuclease mapping experiments were 
continuously labeled and overlap the putative 5' ends of the genes, a protected fragment 
corresponding to the first exon should also be found in these experiments No larger fragments 
than the 72 to 74 nucleotide fragment from the second exon are seen but a number of smaller 
protected fragments can be detected The interpretation of the origin of these fragments is, 
however, not unambiguous, since sequence data (J den Dunnen, unpublished results) have 
shown that extensive sequence homology between some of the γ-crystallin genes exists in the 
first part of the second exon For example, the fragments around 60 nucleotides long most 
likely derive from hybridization between the DNA of one gene and the RNA product of a 
second gene These experiments do show that the first exons must be small (less than 70 bp in 
length) 
Because of the difficulty in interpreting the results of the SI-nuclease mapping 
experiments, we have also mapped the 5' ends of the γ-crystallin mRNAs by a different 
method, namely primer extension (Ghosh et al, 1978) As primer a synthetic oligonucleotide 
corresponding to base-pairs 22 to 37 of the second exon of the γ3-1 gene was used, since, as 
determined from preliminary sequence data, all six genes contain this sequence in the first part 
of the second exon The results of a primer extension experiment are shown in Figure 10(b) 
The lengths of the primer extended products vary from 69 to 87 nucleotides, confirming the 
conclusion drawn from the Sl-nuclcasc mapping experiments, namely that the first exons are 
small 
It will be noted that more than six bands are seen in the primer extension experiment 
This may be due to premature termination by reverse transcriptase but it could also result 
from the presence of multiple, closely spaced transcription start sites (see Discussion) 
It is possible, by comparing the lengths of the primer extended sequences with those of 
the Sl-nuclease protected fragments, to determine which of the Sl-nuclease protected 
fragments are most likely to derive from the first exon These are indicated for each gene in 
figure 10(a) They range in length from about 40 to about 50 bp These data are in agreement 
with the sequence of the γ3-1 gene a putative cap site was found only 42 bp upstream from 
the first coding triplet (Moormann et al, 1983) Further studies are in progress to align the 
exact 5' ends of the six γ-crystallin mRNAs with the nucleotide sequences of the six genes 
DISCUSSION 
Our collection of v-crystallm clones contains, as we have shown above, all the γ-crystallin 
sequences present in the rat genome Together these clones define a genomic region of 63 kb 
on which five γ-crystallin genes are located, all oriented in the same direction with respect to 
transcription The intergenic distance between these genes vanes form 7 2 kb between the γ1-2 
and the γ2-1 genes to 11 5 kb between the γΐ-ΐ and the γ1-2 genes Close linkage of the γ-
crystalhn genes may well be a common phenomenon at least two of the human γ-crystallin 
genes are closely linked (J den Dunnen et al, unpublished results) and the data of Lok et al 
(1984) suggest that at least some of the γ-crystallin sequences may also be linked in the murine 
genome Thus it is unexpected that we were unable to link the sixth rat γ-crystallin gene, the 
γ4-1 gene, to the γ-crystallin cluster If the γ4-1 gene is located on the same chromosome, 
then, as we have argued above, the distance between this gene and the gene cluster must be at 
least 25 kb, or much larger than the intergenic distances observed within the gene cluster 
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Alternatively, the γ4-1 gene could be located on another chromosome Two mechanisms can 
be envisaged for the separation of the γ4-1 gene from the γ-crystallin gene cluster One 
possibility is that sequences have been inserted between the cluster and the γ4-1 gene For 
example, a number of repetitive regions such as the composite repeat found downstream from 
the γ3-1 gene could have been inserted, thus "pushing" the γ4-1 gene downstream 
Alternatively, the γ4-1 gene could have been transposed to another location on the same or a 
different chromosome Such a transposition event could have been mediated by repetitive 
elements, as has been shown to occur in Drosophila (Paro et al, 1983) At this time wc cannot 
distinguish between these two alternatives Chromosome mapping experiments are in progress 
to, at least partially, answer this question 
We have solved the nucleotide sequence of the γ3-1 gene (Moormann et al, 1983) and 
have shown that this gene is interrupted by two introns, one located in the middle of the gene 
and one close to the 5' end of the gene By hybridization analysis and by Sl-nuclease mapping 
studies we have shown here that the five other γ-crystallin genes also contain a large intron in 
the middle of the gene and an intron at the 5' end 
In the γ3-1 gene the large intron separates the two gene regions encoding each of the two 
domains of the protein In the two ß-crystallin genes analysed thus far, introns are found not 
only between the regions specifying the domains but also between the regions specifying each 
of the two motifs which together constitute one protein domain (Inana et al , 1983, J den 
Dunnen et al, unpublished results) At the present level of analysis we cannot rigorously 
exclude the possibility that some of the v-crystallin genes have a mosaic structure resembling 
that of the ß-crystallin gene This possibility is, however, highly unlikely, since the fragments 
from the 3' ends of the genes protected in the Sl-nuclease mapping experiments are too large 
to be derived from exons encoding only one motif (note that both the lengths of the 5' non-
coding regions and the lengths of the mRNAs are approximately the same for all six γ-
crystallin genes, hence lengths of the 3' non-todmg regions must about equal that of the γ3-1 
gene, or about 70 bp) Thus, our data strongly suggest that all γ-crystallin genes have the same 
mosaic structure and that, not unexpectedly, the close sequence homology between the γ-
crystallin proteins (Slingsby and Croft, 1978, Moormann et al, 1982) is reflected by a close 
structural and sequence homology between the γ-crystallin genes 
The first exons of the γ-crystallin genes are short, about 40 to 50 bp long We cannot 
determine the exact length of the first exons ior each gene, since the pattern from the Sl-
nuclease mapping experiments is too diffuse and more than six bands are observed in the 
primer extension experiments The diffuseness of the pattern from the Sl-nuclcase mapping 
experiments is partially inherent in the methodology and parllially due to a possible sequence 
overlap between the last two bases of the first exon and the last two bases of the first intron 
The heterogeneity observed in the primer extension experiments could be due to premature 
termination by reverse transcriptase, however inspection of the nucleotide sequence of the 5'-
flanking region of the γ3-1 gene suggests that an alternative explanation is possible Around 
the presumptive cap site of the γ3-1 gene we find the sequence A-C-A-C-A, while the 
Goldberg-Hogness box, located about 30 bp upstream from Ihe cap site has the sequence T-
A-T-A-T-A-l-A-T-A-G-A (Moormann et al, 1983) Hence, multiple closely spaced 
transcription sites are probable A similar phenomenon has been observed for the yeast 
cytochrome с gene (Russell, 1983) At present we arc refining the Sl-nudease mapping and 
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primer extension experiments to determine whether some of the γ-crystallin genes do indeed 
have multiple start sites 
The synthesis of six different γ-crystallin polypeptides is directed by mRNA extracted 
from lenses of three-day-old rats (Ramaekers et al, 1982) In agreement with these data, we 
find that transcripts from all six γ-crystallin genes are present in lenses from onc-week-old rats 
However, the complexity of the RNA extracted from whole lenses at one particular stage of 
development does not necessarily reflect the transcriptional activity of the corresponding genes 
at that moment, since mRNAs in the fiber cells are stable (Papaconstantinou, 1967) Thus, 
total lens RNA may contain mRNA from a gene that has ceased activity at an earlier 
developmental stage Hence, neither the data of Ramaekers et al (1982) nor our own data 
exclude the possibility that the γ-crystallins are differentially expressed during development 
Studies at the protein level do indicate differential synthesis of v-crystallins (Kabasawa et al, 
1977, Piattgorsky, 1981) For example, Kabasawa et al (1977) have shown that in the cortical 
fibers of the bovmc lens the calf lens γ-crystallin is almost absent Instead a bovine γ-crystallm 
is found, which differs in immunological properties, in charge and in molecular size Age-
related differences in the γ-crystallin content of the lens were observed by Ramaekers et al 
(1982) To determine whether these changes in protein composition are indeed due to 
differential expression of the various γ-crystallin genes will require further study of the activity 
ol these genes during the various stages ol development 
The tandem linkage of the γ-crystallm genes is reminiscent of the organization of other 
gene families, notably the mammalian ß-globin family (for a review, see Wheaterall and Clegg, 
1979, Edgell et al, 1983) It is likely that the same evolutionary mechanisms have shaped the 
γ-crystallin gene cluster From the data reported here, the course of such events cannot be 
traced nor is it possible to determine whether the v-crystallin genes undergo concerted 
evolution as do the human γ-globin genes (Slightom et al, 1980) A detailed discussion of the 
evolution of the γ-crystallin gene family must await the results of the nucleotide sequence 
studies presently in progress 
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CHAPTER III 
SEQUENCE DIVERGENCE AND SELECTION OF CAP SITES 
IN THE RAT v-CRYSTALLIN GENE FAMILY 
Rob W. van Leen, Peter M.M. Kastrop, Kees E.P. van Roozendaal 
and John G.G. Schoenmakers 
Eur. J. Biochem. 157. 203-208. 

ABSTRACT 
The transcription initiation sites of the six rat γ-crystallin genes were mapped by 
combining the results of pnmer extension and SI nuclease mapping experiments To obtain 
more accurate results from the Sl-nuclease mapping experiments, intron-deleted clones were 
constructed by a novel and efficient modification of existing methods involving the use of 
primer extension products to seal the exons 
Four of the six γ-crystallin genes have multiple transcription start sites The major and 
most of the minor transcripts start with an adenosine Analysis of the 5' flanking sequences of 
the γ-crystallin genes shows that the sequence determining the position of the cap site is 
merely -CA- and that its optimal distance from the first Τ of the TATA box is 32 base pairs 
Our data further suggest that an A to G transition in the first two base pairs of the 
Goldberg/Hogness box of one of the genes does not affect the position of its major cap site 
This, together with the fact that most minor transcription start sites are located upstream from 
the major cap sites, suggests that in the long TATA boxes of the rat v-crystallm genes the 
major RNA polymerase 'trap site' is not directly at the beginning of the TATA sequence 
INTRODUCTION 
As part of our studies on the regulation of gene expression in the vertebrate eye lens we 
have characterized the γ-crystallin gene family of the rat [1] This family consists of six 
homologous genes, which are all actively transcribed in the newborn rat [2] In the 5' flanking 
region of these genes a number of conserved sequence elements are found, including those 
known to be required for efficient transcription Also conserved are the sequences between the 
TATA box and the presumptive equivalent of the CA AT box (from -25 to -80), as well as a 
short region around the putative cap sites of the genes The regions between the TATA boxes 
and the presumptive cap sites show more sequence variation The homology in this variable 
region appears to reflect merely the evolutionary relationship between the genes 
The functional significance of the 5' flanking sequences of many eukaryotic genes has been 
studied by in vitro mutagenesis followed by transient expression of the 'mutated' genes From 
these studies two general conclusions have emerged, namely that the CAAT box influences the 
frequency of transcription initiation (e g [3]) while the major role of the TATA box is the 
exact positioning of the transcription start site (e g [4]) 
If we extrapolate the results of such studies to the γ-crystallin genes we predict that some 
of the sequence variations should result in changes in the position of the transcription initiation 
site For example, the 5' flanking regions of two of the genes are identical in sequence except 
that in one of the genes three base pairs (bp) have been inserted between the TATA box and 
the cap region In a certain sense one might consider the six γ-crystalhn genes as a set of in 
vivo mutants for the 5' flanking region, with the important advantage that the expression of 
these genes is studied in their natural environment In order to determine the effect of such 
'mutations' on the location of the cap site we have mapped the transcription initiation sites of 
each gene by both primer extension and Sl-nuclease mapping experiments To achieve an 
accurate Sl-nuclease mapping of the 5' ends of the transcripts of each v-crystalhn gene, we 
have constructed probes from which the first intron was deleted by an efficient method 
involving the use of primer extension products 
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From the data presented in this report we conclude that the conserved sequence in the cap 
site region of the γ-crystallm genes does not dictate the position of the major cap sites Our 
studies further indicate that the majority of the rat γ-crystallm genes also have minor 
transcription start sites The relative use and position of these minor start sites cannot be 
solely predicted from either the size of the TATA box or the sequence of the cap region but 
must also be determined by at present unknown lactors 
MATERIALS AND METHODS 
Ohgodeoxynuclcotide primers 
The oligonucleotides used in this study were synthesized in the laboratory of Prof Van 
Boom (Leiden) The 15-mer oligonucleotide 5'-GCGGCCCTGGAAGCC-3' is complementary 
to a conserved region in the second exon of all γ-crystallin genes (J den Dunnen, unpublished 
work) The 18-mcr oligonucleotide 5'-GAAGGTGATCTT(C/T)CCAT-3' is complementary to 
the last 9 nucleotides of the first exon and the first 9 nucleotides of the second exon and was 
used to detect intron-deleted phage clones 
Oligonucleotides were phosphorylated in a volume of 20 μΐ The reaction contained 50 
mM Tris pH 7 5, 10 mM MgCU, 5 т М dithiothreitol, 160 ng oligonucleotide and 12 μΐ [γ-
Ρ]ΑΤΡ (Amersham, 3000 Ci/mmol, 10 mCi/ml) 13 units of T4-kinase were added and the 
mixture was incubated for 30 mm at 370C Then an additional 13 units of T4-kinase were 
added and the reaction was allowed to proceed for another 30 nun 
Primer extension 
Primer extension [5] was performed in a reaction volume of 20 μΐ, containing 50 mM 
Tris HCl pH 8 3, 6 mM MgCl2, 40 т М KCl, 10 т М dithiothreitol, 0 5 т М dNTPs and 0 5 
U/μΙ RNAsin (RNase inhibitor), 2 5 μg total rat lens RNA and 6 ng phosphorylated primer 
After annealing of the RNA and the primer for 20 mm at 42°C, followed by 15 min on ice, 3 
units of avian myeloblastosis virus reverse transcriptase (Ρ Η Stehehn & Cie AG, Basel) were 
added In a number of experiments actinomycin D was added to a concentration of 12 5 μg/ml 
just prior to the addition of the reverse transcriptase The reaction mixture was incubated at 
370C, extracted with phenol and the products were collected by precipitation with ethanol 
For the preparative synthesis of the primer extension products used in the sequencing and 
intron deletion experiments the reaction was scaled-up 30-fold The products were separated 
on a 6% sequencing gel The bands containing the small cDNAs were located by 
autoradiography, cut from the gel and the gel slices were incubated in an equal volume of 10 
mM Tris HCl pH 7 5, 1 mM EDTA for 4 h at room temperature The gel slices were then 
pelleted, the supernatant collected and the extraction repeated The eluted primer extension 
products were purified by phenol extraction followed by passage through a Sephadex G-50 fine 
column To the products eluted from one gel slice 1 μg salmon sperm DNA was added and 
the DNA was precipitated with ethanol Recovery of primer extension products was usually 
909f The molar yield of primer extension products was calculated from the known specific 
activity of the pnmer and the amount of radioactivity present in the primer extension 
products A total of approximateK 12 fmol primer extension products was obtained^g total 
rat lens RNA For identification of the indiwdual primer extension products the G-reaction 
according to Maxam and Gilbert [6] was performed 
So 
Phage DNA 
The МІЗтр recombinant phages used in this study have been previously described by 
Moormann et al [2] They all contain fragments of the 5' region of the γ-crystallin genes 
ending at their 3' end in a Pstl-site, which is conserved in all six rat γ-crystallin genes The 
Pstl-site is located in the second exon of the genes Phage DNAs were isolated [7] and 
sequenced according to the method of Sanger et al [8] 
Intron deletion mutagenesis 
In the first experiments the procedure described by Osinga et al. [9] was followed except 
that after annealing of the primer with the template at 370C for 20 mm the mixture was 
incubated another 20 mm at room temperature 
The construction of the deletion mutants using the isolated primer extension products was 
carried out as follows 50 ng M13 clone DNA (16-19 fmol depending on the clone) was 
annealed with 40-60 fmol primer extension products (purified as described above) in 10 μΐ, 
containing 8 mM Tris HCl pH 7 5, 8 mM MgCl2, 40 т М NaCl and 1 mM dithiothreitol The 
mixture was heated at 100oC for 3 mm and slowly cooled to room temperature 
Complementary strand synthesis was carried out by adding the four dNTPs (0 5 mM final 
concentration) and Klenow DNA-polymerase (0 04 U/μΙ final concentration) After incubation 
at room temperature for 20 mm more Klenow polymerase was added to a final concentration 
of 0 08 U/μΙ and the incubation was continued for 45 mm at 30oC 
Transformation and plaque hybridization 
5 μΐ complementary strand synthesis mixture was incubated for 40 mm on ice with 50 mM 
CaCU-treated JM 103 cells Then the cells were heated to 420C for 2 mm and were diluted 
into 20 ml L broth at 370C Phage propagation was allowed to take place for 2-3 h After 
pelleting the cells the supernatant was plated in a serial dilution From the appropriate plates 
two nitrocellulose filters were made, which were hybridized as recommended [9,10] with either 
the P-labeled 15-mer oligonucleotide (which should hybridize to all plaques) or with the 
P-labeled 18-mer oligonucleotide (which should hybridize only with intron-deleted clones) 
The filters were washed in 6x NaCl/EDTA/Tris/HCl, 0 5% NP-40 [9] at room temperature for 
2 χ 20 mm, followed by washing in the same buffer at 370C for 30 mm At this temperature 
the hybrids of the 15-mer as well as the 18-mer oligonucleotide with the phage DNAs are 
stable 
Sl-nuclease mapping 
Sl-nuclease mapping was carried out as described [2], except that the probe was 
synthesized on the phage insert using the P-end-labeled 15-mer oligonucleotide as primer 
The 10 μΐ reaction mixture contained 8 mM Tris HCl pH 7 5, 8 mM MgCU, 40 mM NaCl, 1 
mM dithiothreitol, 0 5 mM dNTPs and 0 5 units Klenow polymerase After incubation at 30 
CC for 45 mm 100 μΐ of water was added and the mixture was passed through a Sephadex G-50 
fine column 15 μΐ effluent, containing approximately 8 ng phage DNA with labeled 
complementary strand, was precipitated with 1 μg total rat lens RNA (isolated by 
centnfugation through a cesium chloride cushion [11,12]) from six-day-old rats After 
overnight hybridization (temperature range 65°C - 51°C) 100 units of Sl-nuclease (BRL, final 
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concentration 1000 units/ml) were added in digestion buffer [13] containing 4 μg/ml calf thymus 
DNA and the mixture was incubated for 30 mm at varying temperatures The reaction 
products were precipitated with an equal volume of isopropanol After centrifugation the 
pellets were dissolved in a small volume and the products analysed on a sequencing gel 
RESULTS 
Identification of γ-crystallin specific primer extension products 
All six rat γ-crystallin genes contain in their second exon an identical nucleotide sequence 
which is located between 21 bp and 36 bp downstream from the splice site (J den Dunnen, 
unpublished work) When a 15-mer oligonucleotide complementary to this sequence is used to 
prime the reverse transcription of lens RNA of newborn rats (which contains transcripts of all 
six genes [2]), at least twelve products are found ranging in length from 71 to 90 nucleotides 
(see Fig 1A) The addition of actinomycin D, to prevent loop formation by reverse 
transcriptase, lowers the amount of synthesis but does not change the pattern of primer 
extension products (Fig 1A, lanes 2 and 4) We have isolated the individual primer extension 
products from a preparative sequencing gel and determined their sequence according to the 
method of Maxam and Gilbert (sec Materials and Methods) A comparison of the sequence 
of the primer-extended products and the known sequence of the γ-crystallin genes showed that 
all primer-extended products derived from γ-crystallin transcripts (data not shown) For all γ-
crystallin genes multiple primer extension products were noted (see Fig 1A) In some cases 
the primer extension products of different genes overlapped To further analyse this complex 
pattern we have also determined the transcription start sites by Sl-nuclease mapping Since 
we previously noted [2] that the size of the first exons of the v-crystallin genes is too small 
(35-50 bp) to allow high-resolution Sl-nuclease mapping wc first deleted the 5' intron from the 
fragments to be used as probes in these experiments 
Construction of intron-deletcd probes for SI nuclease mapping 
Introns can be deleted from genomic fragments cloned in M13 phages by hybridizing a 
synthetic oligonucleotide complementary to the exon boundaries of the intron to be deleted 
with the single-strandcd phage DNA followed by extension of this oligonucleotide under 
conditions that allow complete second strand synthesis [14] Using this methodology we tried 
to delete the introns from clones of the γ-crystallin genes but were unsuccesful 
It is conceivable that a higher efficiency of intron deletion will be obtained if large 
oligonucleotides, which have an extended complementarity with the exonic sequences, are 
used Such oligonucleotides can be obtained for the γ-crystallin genes by reverse transcription 
of rat lens RNA using the 15-mer oligonucleotide descnbed above as primer Accordingly a 
primer extension product of each gene was isolated from a preparative gel and hybridized with 
the phage DNA of the appropriate γ-crystallin gene containing M13 clone, as the first step in 
the construction of intron-deleted clones The further construction and selection of the 
intron-deleted clones is descnbed under Materials and Methods 
The efficiency of the procedure is illustrated in Table 1 about 11% of the progeny 
plaques were formed by putative intron-deleted mutants Since theoretically the maximum 
number of plaques formed by intron deletion mutants is 50% of the total number of plaques, 
the average efficiency of intron deletion achieved by this method is about 22% Only for the 
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γ3-1 crystallin gene an unaccountably low efficiency of 2% was found 
Four of the putative intron deletion mutants of each γ-crystallm gene (except the γ3-1 
gene where only two mutants were obtained) were analysed by DNA sequencing and all 
showed the expected precise deletion of the first intronic sequence 
Characterization of the 5' ends of the γ-crystallin mRNAs 
The intron-deleted clones of the individual γ-crystallin genes were used for the 
identification of the transcription start sites by Sl-nuclease mapping The single-stranded 
DNA of the intron-deleted clones was used as template for the generation of end-labeled 
hybridization probes Each probe was hybridized with total rat lens RNA and subsequently 
digested with Sl-nuclease at different temperatures (see Materials and Methods) 
А в с 
Pr - · PE Pr - « PE Pr - · PE Pr - · Pt Pr - · PE Pr - · PE 
I 2 3 < 15 22 29 37 
/ i> - * 
Figure I: (A) Primer extension on rat lens RNA (В) Sl-nuclease mapping of the 5' ends of the transcripts of the 
γ1-2 crystallin gene using an intron-deleted probe (C) Alignment of Sl-nuclease protected fragments with pnmer 
extension products (A) The -y-crystallin-specific 15-mer oligonucleotide was extended as described under Materials 
and Methods In lane 1 a 10-min incubation is shown, whereas in lane 2 a 10-min incubation in the presence of 
actinomvcin D is shown Lanes 3 and 4 show а бО-тш incubation in the absence (3) and presence (4) of 
actinomycin D respectively (B) The Sl-nuclease digestion was performed as described in Materials and Methods at 
15°C 22°C, 290C and 370C respectively (C) Going from left to right the results obtained with the probes for the 
γΐ-l, γ1-2 y2 1. γ2-2, γ3-1 and the γ4-1 gene are shown For each γ-crystallin gene the panels show Pr, the probe 
synthesized on the phage insert, the top part of the gel shows a high-molecular mass smear (not shown), -, Sl-
nuclease reaction performed in the presence of probe but without rat lens RNA, +, Sl-nuclease reaction performed 
in the presence of rat lens RNA and PE, primer extension products obtained with the v-crystallm-specific 15-mer 
oligonucleotide For details regarding experimental procedure see Materials and Methods 
Ä < 3 -F 
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The protected fragments were analysed on a denaturing Polyacrylamide gel Fig IB shows the 
result of the experiment performed with the probe derived from the γ1-2 gene The pattern of 
protected fragments is somewhat dependent on the temperature of digestion, but clearly one 
major and one minor protected fragment can be observed With the probes derived from the 
other five genes a major and at least one minor protected fragment were always seen Only 
the γ2-1 crystallin mRNA yielded a single Sl-nuclease-protected fragment A comparison of 
the Sl-nuclease-protected fragments with the primer extension products (Fig 1С) showed that 
some fragments, such as the smaller fragment protected by the γ1-2 crystallin mRNA seen in 
Fig IB, do not have a corresponding primer extension product (compare Fig 1A) Only 
those protected fragments that have a counterpart in a primer extension product are indicated 
in Fig 1С, where closed arrowheads represent the major Sl-nuclease-protected fragments and 
open arrowheads denote minor Sl-nuclease-resistant fragments 
From the results of the experiments presented in Fig 1 we can calculate that the first 
exons of the γ-crystallin genes are between 34 bp and 54 bp long In the 5' flanking region of 
the γ3-1 and v4-l genes a second TATA sequence is found, located around position -115 
These TATA boxes could be part of alternative promoters, as for instance has been 
demonstrated for the human ε-globin gene, the mouse α-amylase gene and the chicken 
ovomucoid gene [15-17] In the SI-mapping and primer extension experiments we have 
sometimes observed longer products in very low amounts, which could possibly derive from 
upstream start sites However, the Sl-nuclease mapping and primer extension data are not in 
agreement It remains possible that there are species of γ-crystallin mRNA initiated at 
upstream sites, but their concentration must then be so low that they cannot be detected by 











































Table 1: Efficiency of intron deletion for the six rat γ crystallin genes 
Primer/template primer extension product/template ratio, 15 mer number of plaques hybridizing with the 15-mer 
oligonucleotide, 18-mer number of plaques hybridizing with the 18-mer oligonucleotide, putative intron deletion 
mutants are shown as a percentage of the theoretical maximum number, ι e 50% of the total number of plaques 
In the case of the γ4-1 clone two amounts of template DNA were used 50 ng and 5 ng, but in both cases the same 
amount of primer extension product was added 
Alignment of the 5' ends of the γ-crystallin mRNAs 
with the gene sequences 
To locate the 5' end of a mRNA in the sequence of the corresponding gene the Sl-
nuclease-protected fragments were aligned with a sequencing ladder of that gene In Fig 2 the 
sequence ladders of each 5' intron-deleted γ-crystallin clone are shown together with the 
protected fragments from an Sl-nuclease assay, in which that same clone was used for the 
preparation of the probe (in both cases the γ-crystallin specific 15-mer was used to prime the 
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reaction). The start of the individual inRNAs can be read directly from the adjacent 
sequence. Most Sl-nuclease protected fragments are found next to a thymidine residue in the 
nucleotide sequence, indicating that the mRNA starts with an adenosine. In Fig. 3 the 
position of transcription initiation is given for the six rat γ-crystallin genes. It is clear that all 
major transcripts start with an adenosine (indicated by the closed arrowheads). Six of the 
minor transcripts also start with an adenosine. The γ2-2 crystallin gene has one minor 
transcript starting with a uridine. 
The sequences of the 5' flanking region of the γ-crystallin genes shown in Fig. 3 have been 
aligned at the two regions which show sequence conservation, namely the TATA box and the 
region about 30 bp downstream from this box, where the conserved triplet АСА is found. 
Either the first or the second A residue of this triplet is used by five of the six genes as a 
major transcription start site. However, the fact that the sixth gene, the γΐ-ΐ gene, has its 
γΐ-l γ1-2 γ2-1 γ2-2 γ3-! γ4-1 
A G C T S i A G C T S 1 A G C T S 1 A G C T S 1 A G C T S i A G C T S l 
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Figure 2: Alignment of sequences of the six γ-crystallin genes and the 5' termini of their transcripts. The intron-
deleted M13 clones carrying the 5' part of the γ-crystallin genes were sequenced by the chain-termination method of 
Sanger et al. [8]. using the γ-crystallin-specific 15-mer oligonucleotide as primer. The Sl-nuclease-resistant 
fragments, obtained with the same probes (in this case continuously labeled), are run next to these sequence 
ladders to enable the exact determination of the cap site. 
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major start at a CA, located four bases upstream from the conserved АСА triplet, indicates 
that the conserved sequence in this region is not a major determinant of the transcription start 
site From the data presented in Fig 3 it appears that, within the rat γ-crystallin gene family, 
the consensus cap sequence is merely CA 
fi 1 CTGCTGTATATATATCAGCTGCCACTCCTGTCCCCÀTCACACTCAÀCACTG 
A & 
fi г CAGCTATATATACCAGAGGCGCTCC CCTAGAGCC TCACAGCTCCCAGGG 
л 
Г2-1 CTGCTATATAGACCGGCCCCGCTCTGCCTGG ACÁCTGAACTCAC 
л 
fi 2 CTGCTATATATATAGATCCCOCCGCGCCCAG CCCTACACACTCÄACTGAA 
ΔΔ * 





fU 1 CTGCTATATATATÁGACCCTGCT CCCAG CCCTACACAACCAACAGCA 
Δ Α Δ 
Figure 3: Overview of the transcription initiation sites of the six rat γ-crystallin genes The sequences of the six 
genes are aligned for maximal homology around the TATA box and the cap site The solid arrowheads indicate 
the major transcription start sites the open arrowheads represent the minor initiation sites 
DISCUSSION 
Intron deletion from M13 clones 
To obtain probes for the characterization of the 5' termini of the rat γ-crystallin mRNAs 
we had to delete the 5' intron from the genomic clones For this purpose we developed a 
modification of existing procedures and used primer extension products to seal the exons The 
efficiencies of intron deletion reached in our experiments are substantially higher than those 
reported for intron deletion based upon 'scaling' oligonucleotides Larson et al [18] deleted a 
309 bp intron from the yeast actin gene with an efficiency of only 0 01% Wallace et al [14] 
reached an efficiency of 4% but the intron removed in their experiment was only 14 bp long 
In contrast, the efficiency by which the v-crystallin gene introns were deleted was found to be 
approximately 22% The final efficiency that can be achieved is undoubtedly also dependent 
on additional factors (hybridization conditions, primer/template ratio etc ) A quantitative 
study of such factors has not been carried out but we have observed that in the case of the γ4-
1 genomic clone the efficiency of intron deletion could be further improved from 36% to 58% 
by raising the ratio of primer to template tenfold 
The transcription start sites of the γ-crystallin genes 
Previous studies of the effect of sequence variation on the choice of the major 
transcription start site by RNA polymerase II have relied on either in vitro mutagenesis studies 
or on a comparison of a compilation of sequences of different genes (e g [19,20]) The former 
studies are hampered by the fact that usually the DNA is expressed in a foreign environment 
while, in the search for 'consensus' sequences, genes expressed in different tissues and 
different species are compared The rat γ-crystallin gene family offers the opportunity to test 
the results of those studies on genes expressed during normal development in their natural 
environment 
Using Sl-nuclease mapping and primer extension we have determined the 5' termini of the 
V-crystallin transcripts, some of which are cotermmal with the γ-crystallin mRNA cap sites as 
predicted on the basis of the sequence data of Den Dunnen et al (unpublished work), other 
start points, however, are located at dilferenl sites Our results confirm the preferential use of 
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an A preceded by а С as the major start site The longer consensus cap sequence 
YCAYYYYY proposed by Corden et al [21], is not found in the γ-crystallin gene family 
The location of the cap site is determined by the distance of the CA sequence from the 
TATA box This can be concluded, for example, from a comparison of the the start site of the 
γ3-1 or γ4-1 genes with that of the γ2-2 gene The sequence of the cap region of the γ2-2 gene 
is identical to that of the γ3-1 and the γ4-1 gene, yet the γ2-2 gene uses the first A of the 
АСА triplet as its major start site while the γ3-1 and the γ4-1 gene use the second A of this 
triplet as their major initiation site This shift must be due to the fact that the γ2-2 gene has a 
3-bp insertion 14 bp upstream from the cap site 
The optimal distance from the TATA box to the cap site can be discerned from the 
sequence of the γ3-1 and γ4-1 gene, where three CA's are found, namely at 30, 32 and 37 bp 
downstream the TATA box The second CA, located 32 bp downstream the TATA box, 
serves as the major start site 
When the sequences around the TATA boxes are aligned for optimal homology, as in Fig. 
3, the γΐ-ΐ gene has an apparent mutation in its TATA box TG in stead of ТА is found If, 
as reported in other systems [22], such a base change affects the recognition of this region by 
RNA polymerase II, one might expect that this 'mutation' shifts the transcription start site 
downstream Both the γΐ-ΐ and the γ3-1 gene have a CA located 32 bp downstream from the 
first Τ of the TATA sequence, yet in the γ3-1 gene this CA is the major start site, while m the 
γΐ-ΐ gene the major start site is located 3 bp upstream If we include the TG in the TATA 
box of the γΐ-і gene, as shown in Fig 3, the start site of the γΐ-ΐ gene is in register with that 
of the γ3-1 gene, implying that the A to G transition in the TATA box of the γΐ-ΐ gene does 
not affect the position of the major transcription initiation site 
The γ-crystallin genes have relatively long TATA boxes from 6 bp (in the γ2-1 gene) to 
10 bp (in the γ2-2, γ3-1 and γ4-1 genes) long It has been shown that an ATA sequence is 
sufficient for exact positioning of the cap site in the ß-globin gene [19] In principle a long 
TATA sequence provides multiple RNA polymerase 'entry sites' and a long TATA box could 
thus be the cause of heterogeneous starts The combined data of our primer extension and 
Sl-nuclease mapping experiments indicate that the transcription of four of the six v-crystallin 
genes is initiated not only at one major transcription initiation site, but also at one or two 
minor start sites A preference for a start site at -CA- is also found for these minor start sites, 
but additional factors must influence the choice of these minor initiation sites, since we find 
that a CA located 37 bp downstream from the TATA box in the γ3-1 and γ4-1 gene is used as 
a minor start site but a CA located 36 bp downstream from the TATA box in the γ2-2 gene is 
not being used at all Although four of the γ-crystallin genes have multiple start sites, only 
one major cap site, from which at least 50% of the transcription is initiated, is found This 
suggests that even a 10-bp-long TATA box has only one major RNA polymerase II 'trap site' 
(see Bensimhon et al [23]) This major 'trap site' is probably not the first ATA of the TATA 
sequence since in most genes an additional start site is found upstream from the major 
initiation site A major trap site, located more downstream, would also explain why, in 
contrast to results from mutagenesis studies, the A to G transition in the γΐ-ΐ gene does not 
affect the major transcription start position 
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DIFFERENTIAL EXPRESSION OF CRYSTALLIN GENES 
DURING DEVELOPMENT OF THE RAT EYE LENS 
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ABSTRACT 
The concentrations of αΑ-, ßBl- and total γ-crystallin mRNAs were measured during 
development of the rat eye lens, using Northern blot and dot-blot analysis. After 14 days of 
fetal growth a sharp increase in the concentration of all three mRNA species was observed. 
After birth, the concentration of αΑ-crystallin transcripts remains high till six months of age, 
the concentration of γ-crystallin transcripts decreases gradually, while the concentration of 
ßBl-crystallin transcripts decreases sharply. The composition of the v-crystallin mRNA pool 
was determined by measuring the relative amount of the transcripts of each of the six γ-
crystallin genes using primer extension and Sl-nuclcase mapping. The transcripts of all six 
genes are found till the third month after birth. Thereafter the transcripts of the γΐ-ΐ, the γ3-1 
and γ4-1 crystallin genes are no longer detectable. Later on the transcripts of the γ2-1 and γ2-2 
genes also disappear leaving only the transcripts of the γ1-2 crystallin gene at the age of eight 
months. The concentration of the six different γ-crystallin mRNAs is thus regulated 
differentially. 
INTRODUCTION 
In the eye lens of mammals three immunologically distinct classes of abundant water-
soluble proteins, the so-called α-, β- and γ-crystallins, can be distinguished (Harding and 
Dilley, 1976; Bloemendal, 1981). These three classes differ in time and place of their synthesis 
during the development of the lens. The a-crystallins, which are already synthesized in the lens 
epithelial cells, are the first crystallins to be expressed during development of the rat eye lens 
(McAvoy, 1978a). The synthesis of the β- and γ-crystallins is turned on during or after 
differentiation of the lens epithelial cells to lens fiber cells. Immunofluorescent analysis of the 
distribution of crystallins during early development suggests that during this differentiation 
process the synthesis of the ß-crystallins commences slightly earlier than that of the γ-
crystallins (McAvoy, 1978b). 
The two subunits of a-crystallin, αΑ and ctB, are each encoded by a single-copy gene, 
whereas the ß-crystallins are encoded by a heterogeneous multigene family (Quax-Jeuken et 
al., 1985; Piatigorsky, 1984). We have shown that the γ-crystallins of the rat are encoded by a 
family of six genes (Moormann et al., 1985). The homology between the protein products of 
these genes varies from 76 to 98% and only one part of the protein shows significant sequence 
variation. From a comparison of the rat γ-crystallin genes with their orthologs from other 
species, we have deduced that the part of the protein that is variable within a species is well 
conserved between species (Den Dunnen et al., 1986), suggesting that this variation is a 
functional one. Our analysis of the sequences of the six rat γ-crystallin genes thus indicated 
that the resulting six proteins may be functionally not identical. 
The refractive index gradient of the lens is most probably determined by the spatial 
arrangement of the crystallins in the lens. The exact function of the various γ-crystallins in 
establishing this refractive index gradient is not known. The large numbers of ion-pairs on the 
surface of the γ-crystallins make it likely that they are involved in the regulation of the water 
content of the lens (Summers et al., 1984). The water content of the lens varies with the 
refractive index and hence along the optical axis of the lens (Philipson, 1969). If the γ-
crystallins are indeed functionally distinct, then the proper establishment of the refractive 
index gradient of the lens might well require an unequal distribution of the various members 
69 
of the γ-crystallin family throughout the lens. Indeed, it has been shown in the calf that γ-
crystallin IV is found mainly in the core of the lens, while γ-crystallin II occurs mainly in the 
cortex of the lens (Slingsby and Croft, 1973; Slingsby and Miller, 1983). Since lens cells do not 
die and since the lens grows by addition of fiber cells at the perifery of the lens, one 
mechanism by which such an unequal distribution could be established is differential synthesis 
of the various members of the γ-crystallin family during development. We have therefore 
determined the developmental profile of the expression of the six γ-crystallin genes in the rat, 
using Northern blotting, primer extension and Sl-nuclease mapping. The expression of the γ-
crystallin genes was compared to that of the α A- and ßBl-crystallin genes. 
We show here that the expression of three of the six rat γ-crystallin genes ceases earlier 
than the expression of the other three. The expression of the latter three genes is turned off 
differentially later on in development, only one gene remains active in the late developmental 
stages. 
MATERIALS AND METHODS 
Northern blotting and dot-blotting 
RNA was isolated from rat lenses using guanidinium chloride and centrifugation through a 
cesium chloride cushion (Maniatis et al., 1982) unless otherwise indicated. An aliquot 
containing 1 μg was loaded on a 1.5% agarose gel containing 2.2 M formaldehyde or 5 mM 
methylmercuryhydroxyde (Maniatis et ai, 1982). The gels were run in 25 mM phosphate (pH 
6.9) or BE buffer (50 mM Boric acid, 5 mM Na-borate, 5 mM Na-sulfate, 1 mM EDTA pH 
8.3) respectively. Immediately after the electrophoresis the RNA was blotted to a Gene 
Screen (NEN) membrane, which was subsequently hybridized as recommended by the 
manufacturer. 
Dotblots were made by spotting an aliquot containing 1 μg RNA and four 1:3 serial 
dilutions thereof on nitrocellulose filters (Schleicher and Schuil). The filters were hybridized as 
described (Moormann et ai, 1985). The probes used were as follows: 
- for ctA-crystallin mRNA: a 885 bp PstI fragment excised from the cDNA clone pRLctAl 
(Dodemont et al, 1981); 
- for ßBl-crystallin mRNA: a 820 bp PstI fragment excised from the cDNA clone pRLßBl-3 
(described in detail by Den Dunnen et al., 1985); 
- for γ-crystallin mRNAs: the 258 bp and 280 bp PstI fragments excised from the cDNA clone 
pRL^3 (Dodemont et al, 1981). 
The purified fragments were radiolabeled with a- P-dATP through nick-translation (Maniatis 
et al., 1982) to a specific activity of about 10 cpnv^g. 
Densitometry and quantitation of the results from 
Northern and dotblots and Sl-nuclease mapping 
Multiple exposures of autoradiograms were scanned using a Kipp & Zonen densitometer 
DD 2, connected with a Kipp & Zonen BD 8 multi range recorder. The densitograms were 
Xerox copied, the relevant peaks were cut out and the relative area of each peak was 
determined by weighing. All values were expressed relative to the signal obtained from RNA 
isolated from lenses of newborn rats, which served as an internal standard. All experiments 
were done at least in duplicate, using independent isolates of RNA. 
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RNAse H treatment 
For the RNAse H experiments the RNA was eluted with 10 mM Tris.HCl, ImM EDTA 
pH 7.5 at room temperature from gel slices of a methylmercuryhydroxide containing agarose 
gel, followed by phenol/chloroform/isoamyl alcohol (50:48:2 v/v/v) extraction and ethanol 
precipitation. RNAse H incubation was carried out as recommended by the supplier (BRL). 
Primer extension and Sl-nuclease mapping 
The oligonucleotide used in this study was synthesized in the laboratory of Prof. Van 
Boom (Leiden). The 15-mer oligonucleotide S'-GCGGCCCTGGAAGCC-S' is complementary 
to a conserved region in the second exon of all γ-crystallin genes (Den Dunnen et al., 1986). 
Reaction conditions for phosphorylation of the primer and primer extension were as described 
earlier (Merritt et al., 1983; Van Leen et ai, 1986). The primer extension products were 
analysed on a sequencing gel. 
Sl-nuclease mapping using phage clones of the 5' part of each γ-crystallin gene from which 
the first intron has been deleted was carried out as described (McClelland et ai, 1981; Van 
Leen et al., 1986). The RNA used in these experiments was either isolated as described above 
or isolated using the guanidinium-isothiocyanate/hot phenol method (Maniatis et ai, 1982). 
The reaction products were analysed on a sequencing gel. 
Protein isolation and in vitro translation 
Water-soluble proteins were isolated from rat lenses as described by Ramaekers et ai 
(1978) and separated by two-dimensional electrophoresis (O'Farrell, 1975) using isoelectric 
focusing in the first dimension (ampholines 3.5-10) and slab gel electrophoresis in the second 
dimension (13% Polyacrylamide). 
In vitro translation was carried out in a wheat germ lysate obtained from Bethesda 
Research Laboratories. The reaction conditions were exactly as recommended by the supplier. 
The proteins were labeled by incorporation of S-methionine, separated by 2D-
electrophoresis and visualized by autoradiography of the slab gels. 
RESULTS 
Crystallin mRNA levels during development of the rat eye 
The Y-aystallins are concentrated in the lens core, while the a- and ß-crystallins 
predominate in the cortex, indicating that these proteins are differentially synthesized during 
development. To determine whether the concentration of the crystallin mRNAs varies 
correspondingly during development, RNA was extracted from the lenses of rats varying in age 
from 14 day old embryos to one year old. The RNA was Northern blotted and hybridized with 
various crystallin cDNA probes (see Materials and Methods for details). Figure 1 shows an 
example of such an analysis for a period after birth. The lower panel shows the result obtained 
after hybridization with the γ-crystallin probe, while the middle panel shows the result 
obtained with the ßBl-crystallin probe. The same analysis was also performed for a member of 
the α-crystallin gene family (aA, Figure 1 upper panel). A steady decrease in the 
concentration of γ-crystallin transcripts is observed during this period, while the concentration 
of aA- and ßBl-crystallin transcripts remains almost constant till the rat is six months old. 
Note that with each probe only the mature mRNAs are found, no precursor RNAs can be 
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detected. 
The concentration of each class of crystallin RNAs during the development from 14 day 
old fetus to one year old rat was quantitated using Northern blot and dot-blot analysis. The 
results are summarized in Figure 2. A progressive increase of the concentration of aA- and γ-
crystallin mRNA is noted from 14 days of gestation whereas a sharp increase in ßBl-crystallin 
mRNA is observed between 18 and 19 days of gestation. The concentration of γ-crystallin 
mRNA decreases from birth and these transcripts can no longer be detected in one year old 
lenses. After birth the concentration of aA-crystallin mRNA rises slightly and starts to drop 
significantly after six months, these transcripts can, however, still be detected in the one year 
old rat lens. The concentration of ßBl-crystallin transcripts decreases sharply after birth, but 
is then maintained at a low level and ßBl-crystallin mRNA can still be found in one year old 
lenses. 
It should be emphasized that the total amount of RNA per lens increases approximately 
from about 35 μg/lens at birth to about 100 μg/lens at 3.5 months of age, thereafter it remains 
almost constant till at least one year of age (Figure 3; Lerman and Zigman, 1965; unpubl. 
data). Hence, although the concentration of γ-crystallin mRNA, i.e. the amount of γ-crystallin 
mRNA per μg of lens RNA, decreases from birth, the total amount of γ-crystallin RNA per 
lens actually reaches a maximum at about 2 months of age and then starts to drop rapidly 
(Figure 3). The total, as well as the relative, amount of ßBl-crystallin mRNA does decrease 
from birth, while aA-crystallin mRNA accumulates in the lens till 4 months of age. 
Im 2m Эш 5m 6m l y 
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Figure 1: Autoradiograms of a Northern Blot of a denaturing gel containing lens RNA isolated from rats of 
different ages. Each lane contains one μg of RNA (lane 2 0.8 μg). The blot was hybndized with an aA-crystallin 
probe (upper panel), a ßBl-crystallin probe (middle panel) and a γ-crystallin probe (lower panel). 
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Composition of the γ-crystallin mRNA pool 
in fetal and adult rat eye lenses 
The results presented above show that the concentration of total γ-crystallin mRNA 
decreases during postnatal development. To determine whether the amount of transcripts from 
each of the six γ-crystallin genes decreases equally, the contribution of each gene to the total 
V-crystallin mRNA pool was determined. The composition of the γ-crystallin mRNA pool can 
be determined in a single primer extension experiment using as primer a 15-mer which is 
complementary to an exonic sequence shared by all six γ-crystallin genes: since the length of 
the 5' non-coding regions is different for each of the six γ-crystallin genes the primer extended 
product of each gene has a different size (Moormann et ai, 1985; Van Leen et al., 1986). In 
this manner we have examined the expression of the individual γ-crystallin genes during 
development (see for example Figure 4). No marked difference in the pattern of primer 
extended products was seen in the developmental period from a 15 day old embryo to a three 
month old rat. However, in the pattern obtained with lens RNA from a 3.5 months old rat at 
least three primer extended products are missing. Our sequence analysis of the primer 
extended products (Van Leen et al., 1986) has shown that the missing products derive from the 
γΐ-ΐ, the γ3-1 and the γ4-1 gene, indicating that expression of these three genes ceases earlier 
than the expression of the other three genes. The transcripts of these three genes, the γ1-2, 




Figure 2: Concentration of aA- (a), ßBl- (о) and γ-crystallin (Δ) mRNA in lens RNA from rats of different ages. 
The amount of each crystallin RNA per μ§ of lens RNA was estimated from the hybridization intensity of Northern 
or dot blots of rat lens RNA (see Materials and Methods). The values are expressed as percentage of the 
hybridization signal obtained from lens RNA extracted from newborn rats and are the average of duplicate 
(prenatal) or triplicate (postnatal) measurements. Standard deviations are shown. 
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the γ2-1 and the γ2-2 gene, can still be found at six months (data not shown), although at that 
time the level of γ2-1 and γ2-2 transcripts has dropped significantly 
Since four of the six genes have multiple transcription initiation sites some primer 
extension products deriving from mRNAs of different γ-crystallin genes have the same length 
(Van Leen et al, 1986), hence the primer ехіепыоп pattern cannot be easily quantitated 
Therefore the change in composition of the γ-crystallin mRNA pool was reexamined by Sl-
nuclease mapping The results of these experiments confirm and extend the conclusions drawn 
from the primer extension experiment As shown in Figure 5 the transcripts from the γ 1-1, the 
100« 
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β 10 12 
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Figure 3: Accumulation of RNA in rat lenses Total RNA was extracted from rat lenses using the guanidmium-
isothiocyanate/hot phenol method (Mamatis et ai, 1982) The increase in total lens RNA during post-natal 
development as shown here (continuous line) is in close agreement with the data published previously by Lerner 
and Zigman (1965) The total amounts of aA (u), ßBl- (о) and γ-crystallin ( Δ ) mRNA per lens do not represent 
independent measurements but were calculated from the data presented in Figure 2 and the data on total rat lens 




































































Table 1: A. Decrease of specific 7-crystallin gene transcripts during aging of the rat eye lens The levels of γ-
crystalhn transenpts are shown as percentages of the level at birth B. Changes in the ratio of 7-crystallin 
transcripts dunng aging of the rat eye lens Ί he figures shown are the average of at least two independent 
measurements, which vaned by about 10 percent 
74 
γ3-1 and the γ4-1 genes are barely detectable in RNA extracted from lenses from 3.5 months 
old rats, while mRNA from the γ1-2, the γ2-1 and the γ2-2 genes is still present. By 
measuring the intensity of the fragments, protected from Sl-nuclease attack by lens RNA 
extracted from three developmental stages, the relative concentration of the mRNA from each 
γ-crystallin gene during postnatal development was calculated (Table 1). The relative 
concentration of the γ2-1 and γ2-2 mRNA goes up a little during the first month after birth. 
The concentration of γ1-2 transcripts remains constant, while the concentration of γΐ-l, γ3-1 
and γ4-1 mRNA decreases. At 3.5 months of age the concentration of all γ-crystallin mRNAs 
is lower than at birth, but is most markedly reduced for the γΐ-ΐ, the γ3-1 and the γ4-1 
transcripts. Here the concentration of the transcripts is only between 5 and 10% of the 
concentration in lenses of newborn rats. The decrease in the concentration of total γ-crystallin 
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Figure 4 (left): Primer extension on lens RNA isolated from rats of different ages A. Primer extension pattern 
obtained with RNA from lenses of fetal (15. 17. 18. 19 and 21 days of gestation, lanes 1-5 respectively) and 
newborn rats (lane 6). B. Primer extension pattern obtained with RNA from lenses of rats 1 day, 1 month and 3.5 
months of age Reactions were performed as described under Materials and Methods 
Figure 5 (righi): Sl-nuclease analyses of the 5' ends of γ-crystallm mRNA isolated from lenses of rats aged 1 day 
(Id), 1 month (1m) and 3 5 months (3m). The mRNAs were analysed using intron-deleted clones as described 
previously (Van Leen el al., 1986). The reaction products were separated on a 6% sequencing gel and visualized 
through autoradiography. 
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mRNA between 1 and 3.5 months of age (Figure 2) is thus mainly caused by a decrease in the 
number of transcripts deriving from three of the six genes. The composition of the γ-crystallin 
mRNA pool changes correspondingly: at birth the transcripts of the six genes are almost 
equally represented in the γ-crystallin mRNA pool, with a low of 10% for the mRNA of the 
γ3-1 gene and a high of 25% for the transcripts of the γΐ-ΐ gene. At 3.5 months of age the 
major γ-crystallin mRNA is the product of the γ1-2 gene, whereas the transcript of the γΐ-ΐ 
gene has become a minor mRNA at 2% of the total γ-crystallin mRNA pool (Table 1). 
In vitro translation of the γ-crystallin mRNA 
In the primer extension and Sl-nuclease mapping experiments only the presence or 
absence of RNA species is measured. The possibility can be envisaged that a transcript of a 
gene is present but for some reason not active as mRNA. Therefore, RNA isolated from 
lenses of newborn and 3.5 months old rats was translated in vitro using a wheat-germ lysate (as 
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Figure 6 (left): In vitro translation of lens RNA isolated from newborn rats. The radioactive in vitro translation 
products were mixed with the unlabeled water-soluble proteins isolated from lenses of three months old rats and 
separated on a two-dimensional gel. Panel A shows the Coomassie Brilliant Blue stained gel, while in panel В the 
autoradiogram of this gel is shown Only the γ-crystallin containing part of the gel is shown The γ-crystallins are 
numbered according to Ramaekers et al., (1982). 
Figure 7 (righi): Α. Autoradiogram of a Northern blot of a denaturing gel containing lens RNA isolated from rats 
of different ages: lane 1: 17 days of gestation, lane 2. 19 days, lane 3: 21 days, lanes 4 and 5. newborn rats; lane 6: 
1 month, lane 7: 3.5 months. The blot has been hybridized with a γ-crystallin cDNA probe. B. Primer extension 
on isolated γ-crystallin mRNA fractions (see Materials and Melhods). In lane 1 the primer extension pattern of 
total γ-crystallin mRNA is shown, in lane 2 the pattern of the 800 nt fraction of γ-crystallin mRNA and in lane 3 
the pattern of the 700 nt fraction of γ-crystallin mRNA Primer extension products were separated on a 7% 
sequencing gel and visualized through autoradiography. C. Analysis of the 3' end of isolated v-crystallin mRNA 
fractions by oligo-dT hybridization and RNAse Η treatment. In lanes 1 and 3 the untreated v-crystallin mRNA 
fractions, of 700 and 800 nt length respectively, are shown In lanes 2 and 4 the corresponding fractions are shown 
after hybridization with oligo-dT and digestion with RNAse Η The RNAs were separated on a denaturing gel, 
blotted to Gene Screen and detected with a γ-crvstallin probe as described under Materials and Methods. 
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described in Materials and Methods) The RNA extracted from lenses of both ages was 
equally active in directing protein synthesis Figure 6B shows the products which co-
electrophorese with γ-crystallins (see Figure 6A) synthesized using lens RNA of newborn rats 
All six γ-crystallins are synthesized using this RNA 
As expected from the analysis of the mRNA pool described above, significantly less 
synthesis of γ-crystallin protein is directed by RNA extracted from 3 5 months old lenses Only 
three of the six γ-crystallins are synthesized when lens RNA from 3 5 months old rats is used 
In particular the products γΐ, γ4 and γ5 (Figure 6, nomenclature of Ramaekcrs et al, 1978) 
are lacking from the pattern of proteins synthesized with this RNA (data not shown) These 
proteins are probably encoded by the γΐ-ΐ, the γ3-1 and the γ4-1 genes 
Two classes of γ-crystallin mRNA 
On a Northern blot, as shown in Figure 1, the hybridization signal of the γ-crystallin 
mRNA is rather broad and the size of the RNA appears to decrease with the age of the rat 
After prolonged electrophoresis of lens RNA in denaturing gels and subsequent Northern 
blotting two distinct classes of γ-crystallin transcripts can be discerned one group of 'large' 
mRNAs with sizes of approximately 800 nucleotides and a class of shorter transcripts with a 
size of about 700 residues (Figure 7A) The small and the large species of mRNA are about 
equally represented, except in lens RNA from 3 5 months old rats, where the small species 
predominates In order to determine their composition we have separated both groups of 
transcripts by preparative gel electrophoresis followed by elution of the RNA from gel slices as 
described in Materials and Methods The 5' ends of the mRNAs were analysed using the 
primer extension assay As shown in Figure 7B no clear differences can be observed between 
the pattern obtained with total RNA (lane 1) and the patterns of primer extension products 
obtained with the RNA of either class (lanes 2 and 3), although a slight variation m 
composition is seen This expenment shows that transenpts of all six rat γ-crystdllin genes are 
present m both classes of transcripts The difference in size between the two γ-crystallin 
mRNAs could be due to a difference in length of the poly-A tail and we therefore analysed 
the 3' end of the transcripts of both fractions The length of the poly-A tail was determined by 
hybridization of the RNA with ohgo-dT followed by RNAse H treatment Following this 
treatment the reaction products were separated on a denaturing gel After blotting to a Gene 
Screen filter the immobilized transcripts were detected by hybridization with the radiolabeled 
γ-crystallin cDNA probe Figure 7C shows the result of this experiment the reaction products 
of the oligo-dT/RNAse H treatment deriving from both groups of γ-crystallin transcripts 
migrate with the same velocity on a denaturing gel (lanes 2 and 4) From these experiments 
we conclude that the difference in transcript size between the two groups is caused by a 
difference in length of the poly-A tail We estimate that the short transcripts contain a poly-A 
tail of 50-70 A residues, while the poly-A tail of the larger mRNAs has a length of 150-170 
nucleotides The presence of a short poly-A tail is not a peculiarity of the transenpts of only 
some of the six genes, since mRNA from all six genes contributes to both size classes A 
similar phenomenon has been described by Dodemont et al, (1985) who observed two classes 
of αΑ-crystallin mRNA in the rat (and in other species) 
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DISCUSSION 
If the levels of crystallin RNA and the changes therein are taken as markers of lens 
development, then, from the data presented here, the development of the rat lens can be 
divided in roughly four stages in the first stage, during early embryogenesis, the total level of 
crystallin transcripts rises more rapidly than the total RNA content of the lens 
Morphologically this stage is characterized by the rapid stretching of the fiber cells (McAvoy, 
1978b) About two days before birth d steady state is reached, in this stage the concentration 
of crystallin RNA remains constant and crystallin RNA accumulates at the same rate as total 
lens RNA A third stage of development is characterized by a sharp decrease in the relative 
concentration of both ßBl- and γ-crystallin mRNA, while the relative concentration of aA-
crystallin mRNA remains constant Finally, between 3 and 4 months of age the growth of the 
lens virtually ceases and at this time the concentration of aA crystallin mRNA also drops 
The most marked change in the physiology of the lens occurs within a month after birth 
during this time the center of the lens is dehydrated and the core of the lens is formed This 
core continues to grow and at the age of one year it corresponds by weight to about half of the 
lens At this time 65% (by weight) of the core consists of protein (Philipson, 1969) In the 
core no protein synthesis takes place and the RNA trapped in the core becomes insoluble (the 
so-called albuminoid RNA, Lerner and Zigman, 1965) We found that the amount of 
extractable RNA per lens decreased sharply at about 3 5 months of age Presumably, after this 
time only the cortical RNA is extracted in our standard procedure and our data obtained with 
older lenses may refer to RNA from the cortex only Since the decrease in, for example, γ-
crystalhn mRNA, found in older lens RNA could be due to trapping of mRNA in the core, we 
have measured the concentration of the transcripts of each of the γ-crystallin genes in lens 
RNA obtained by the guanidinium-isothiocyanate/hot phenol method (Mamatis et al, 1982), 
which also extracts the core RNA The same concentrations were found (data not shown) 
Thus we found no evidence for loss of γ-crystallin transcripts by trapping in the core of the 
lens, rather the decrease must represent loss of such transcripts from the lens 
The changes in mRNA levels reported here parallel the changes in protein synthetic 
pattern during lens development (Voorter and Dc Jong, in preparation) and are mirrored, at 
least postnatally, in the pattern of protein accumulation (Siezen et al, 1986) Thus, the 
establishment of the gradient of the various crystallins which is laid down during lens 
development is mainly controlled by the differential expression of the corresponding genes 
Within the crystallin gene families, differential gene expression has been shown for the 
heterogeneous ß-crystallm genes in the chicken lens (Hejtmancik et al, 1985) We show here 
that the expression of each of the six members of the homologous γ-crystallin gene family is 
subject to separate control, eventhough the genes are closely linked (see hgure 8) Separate 
control of the expression of each gene has also been shown for another family of closely linked 
genes, the ß-globin gene family (for review sec Stamatoyannopoulos and Nienhuis, 1981) In 
contrast to the ß-globin genes, all γ-crystallin genes appear to be activated at the same time 
during early development but, in the later developmental stages, the expression of the six 
genes is turned off in a regulated manner, starting with the genes on the outside of the γ-
crystallin gene cluster γΐ-ΐ and γ3-1, and the more distantly located γ4-1 gene (see Figure 8) 
In the following months the expression of the γ2-2 and γ2-1 genes (in that order) also 
decreases, leaving only the γ1-2 gene to be expressed at the age of 8 months 
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Crystallin mRNAs are generally thought to be 'stable' mRNAs (for review, see 
Bloemendal, 1981; Piatigorsky, 1981) and decrease in the concentration of a particular 
crystallin mRNA during the period of rapid growth (up to 3-4 months of age) might be merely 
a dilution effect. Our data provide no evidence for changes in mRNA stability since there is 
no enrichment for transcripts from any of the six γ-crystallin genes in the pool of γ-crystallin 
mRNA with a short poly A tail, which could represent a class of less stable RNAs. We 
therefore favor a direct control of the concentration of γ-crystallin RNA by the rate of 
transcription, but measurements of the half-life of the γ-crystallin RNA are needed to resolve 
this issue. 
The differences in crystallin gene expression illustrate the complexity of the regulation of 
crystallin synthesis during lens cell differentiation. The data reported here provide a basis for 
further study on the differential expression of the crystallin gene families during lens 
development. 
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Figure 8: The rat γ-crystallin gene family. The γ-crystallin gene family of the rat consists of five genes clustered 
within SO kb of DNA and a sixth gene (the γ4-1 gene) which is located on the same chromosome but at least 25 kb 
away from the cluster (Moormann et al., 1985). 
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ABSTRACT 
The time and place of the accumulation of aA-, ßBl- and γ-crystallin RNA in the 
developing rat lens has been studied by in situ hybridization. aA- and γ-crystallin RNA were 
first detected in the lens vesicle, while ßBl-crystallin RNA could be seen only after elongation 
of the primary fiber cells. Both ßBl- and γ-crystallin RNA were confined to the fiber cells of 
fetal lenses, while aA-crystallin mRNA could also be detected in the epithelial cells. 
A quantitation of the hybridization pattern obtained in the differentiation zone of the 
newborn rat lens showed that aA-crystallin RNA is concentrated in the cortical zone. aB-
crystallin mRNA has the same distribution pattern. 
ßBl-crystallin RNA was relatively poorly detectable by in situ hybridization in both fetal 
and newborn rat lenses. The grain densities obtained with this probe increased from the 
perifery of the lens towards the interior, indicating that ßBl-crystallin RNA accumulated 
during differentiation of the secondary fiber cells. 
A similar accumulation pattern was obtained for γ-crystallin mRNA, but, unexpectedly, 
this RNA could also be detected in the elongating epithelial cells. Our results show that γ-
crystallin RNA starts to accumulate as soon as visible elongation of epithelial cells occurs, 
during differentiation of the primary as well as the secondary fiber cells. 
INTRODUCTION 
The bulk of the vertebrate eye lens consists of fiber cells, which synthesize, amongst 
others, the abundant water-soluble lens specific proteins, the crystallins. The tissue specific 
activation of the crystallin genes and the regulation of their expression during the 
differentiation of the fiber cells provide an attractive model system for the study of gene 
regulation in terminally differentiated cells. 
The first morphological sign of the differentiation of the vertebrate eye lens is the 
formation of the lens placode by the ectodermal cells that overlay the presumptive optic cup. 
This layer invaginates concomittantly with the formation of the optic cup, breaks away from 
the surrounding ectoderm and closes to form the lens vesicle. The posterior cells of this vesicle 
differentiate into the primary fiber cells, while the anterior cells of the vesicle remain cuboidal 
and form the lens epithelial cell layer. The epithelial cells continue to divide and differentiate 
into (secondary) fiber cells at the equator of the lens. As a result of this deposition of new 
fiber cells, the lens continues to grow throughout life. 
At the molecular level the studies of the differentiation of the lens cells have concentrated 
on examining the developmental regulation of the expression of the crystallins, which form the 
bulk of the water-soluble lens proteins (for reviews see: Harding and Dilley, 1976; McAvoy, 
1980; Piatigorsky, 1981; Bloemendal, 1981). The crystallins are divided into three classes on 
the basis of shared antigenic determinants, namely α-, β- and γ-crystallin (e.g. Bloemendal, 
1981). α-Crystallin is a high MW aggregate of the products of the (single) aA- and aB-
crystallin genes. The oligomeric β- and the monomeric γ-crystallins are each encoded by a 
multigene family (for review see Piatigorsky, 1984; Bloemendal, 1985). 
The appearance of the various crystallins during development appears to be rather species 
specific. For example, in the rat α-crystallin is the first crystallin to appear during 
development and it is found in epithelial as well as in fiber cells, while β- and γ-crystallins are 
confined to the fiber cells (McAvoy, 1978a; 1978b). In contrast, in the newt ß-crystallins are 
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the first crystallins to be detected during development (McDevitt and Brahma, 1981), and a-
crystallin (as well as γ-crystallin) is detected only in fiber cells. In the chicken, both a- and ß-
crystallins are already synthesized in the epithelial cell layer. Here δ-crystallin, a crystallin 
found only in sauropsidans, is the first crystallin synthesized during development (e.g. 
Piatigorsky, 1981). 
The studies of the specific stage of cellular differentiation at which a particular crystallin is 
expressed have primarily relied on the technique of indirect immunofluorescence, using 
antibodies directed towards the various classes of crystallin. Although this technique is very 
sensitive, it has the drawback that protein accumulation, i.e. the end product of the gene 
activation process, is measured. Studies at the RNA level have mainly been directed at 
establishing the program of the developmental expression of the various crystallin genes. For 
example, it has been shown that the aA-crystallin gene is active during the whole growth 
period of the rat lens (Van Leen et ai, 1986), that the γ-crystallin genes are all activated at the 
same time in early development but differentially shut off later on, both in rat and murine 
lenses (Breitman et al., in preparation; Van Leen et ai, 1986), while, in the case of the ß-
crystallin genes, both early and late expressed genes are found (Aarts et al., in preparation). 
We have now used in situ hybridization to investigate the distribution of mRNA for aA-, 
aB-, ßBl- and у-сгУ51аШп in the developing rat lens and report here that mRNA for γ-
crystallin can be detected in an earlier developmental stage than suggested by studies at the 
protein level. In addition, we show that in the newborn rat lens aA- and aB-crystallin 
transcripts are concentrated in the cortical region, while ßBl- and γ-crystallin mRNA 
accumulates more towards the central region of the fiber cell mass. 
MATERIALS AND METHODS 
Construction of RNA-transcription vector recombinants 
PstI fragments of the inserts of the aA- (pRLaAl, 885 bp; Dodemont et al, 1981), ßBl-
(pRLßBl-3, 826 bp; Den Dunnen et al, 1985) and the γ3-1 ^ ί γ 3 , 258 bp; Dodemont et al., 
1981) crystallin cDNA clones were inserted in the PstI site of pSP64, a vector containing the 
SP6 promotor (Melton et ai, 1984). The orientation of the fragments was determined by 
restriction enzyme mapping and by hybridization of run-off transcripts to dotblots of lens 
RNA. To obtain a probe for the aB-crystallin transcript, the 1 kb EcoRI/Hindlll fragment of 
the hamster aB-crystallin gene (Quax-Jeuken et al., 1985) carrying the third exon was cloned 
in pGEMl (Promcga). 
Synthesis of anti-sense RNA probes 
Plasmids were linearized by digestion with Sail restriction enzyme (aA- and γ3-1 clones; 
probe length 890 and 260 nucleotides respectively), Bglll restriction enzyme (ßBl-clone; probe 
length 350 nucleotides) or BamHI restriction enzyme (aB-clone; probe length 220 nucleotides). 
Sail cuts the polylinker downstream the insert, while Bglll and BamHI cut within the insert. 
Templates were transcribed with SP6 polymerase, in the presence of S-UTP (Amersham, 
spec. act. 1200 Ci/mmol) to synthesize probes for use in in situ hybridization experiments, or 
in the presence of P-UTP (Amersham, spec. act. 400 Ci/mmol) when the probes were to be 
used for Northern or dotblot experiments. All enzymes were from Boehringer. After 
completion of the reaction the DNA was digested with RNAse-free DNAse and the transcripts 
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were freed from unincorporated triphosphates using a Sephadex G50 spin-column (Maniatis et 
al., 1982). Specificity of hybridization was checked both on dot-blots and Nothern blots 
(hybridization conditions as described before, Moormann et al., 1985; Van Leen et al., 1986) 
and in situ (see below) using transcripts of recombinant plasmids containing the inserts 
described above in the opposite direction. These probes have the same sequence as the 
crystallin mRNAs and should not hybridize with these transcripts. Indeed, no hybridization 
with lens RNA was observed. 
Fixation, embedding and in situ hybridization 
Rat lenses and whole embryos were fixed in Petrunke witsch 's fluid (Jeffery and Wilson, 
1983) for 3-16 hours at -20°C. This fixative, which was found to quantitatively preserve 
poly(A) RNA in other tissues, was freshly prepared before use by mixing one part of an 
aqueous solution containing 12% nitric acid (v/v) - 8% cupric nitrate (w/v) with three parts of 
an aqueous solution containing 76% ethanol (v/v), 5.7% diethylether (v/v) and 3.8% 
crystalline phenol (w/v). After fixation the tissue was dehydrated and embedded in paraplast. 
Using a Reichert-Jung 1130/biocut microtome sagittal sections of 5 μιη were cut, which were 
subsequently mounted on slides. The slides were hybridized with anti-mRNA probes 
essentially as described by Cox et al. (1984). Standard hybridization time was 16 hours, in the 
posthybridization treatment the RNAse incubation was replaced by washing with 0.1 SSC or 
0.05 SSC at 50oC for one hour. The slides were then dehydrated and air dried. The slides 
were dipped in Ilford L4 emulsion (diluted 1:1 with water) and exposed in light-proof boxes 
with dessicant for the appropriate time (1 day - 1 week) at 40C. The slides were developed in 
Kodak D19 for 5 min at 160C, fixed for 5 min in 24% sodiumthiosulphate at 16CC, rinsed in 
running tap water and stained with haematoxylin. The slides were examined in a Leitz 
orthoplan microscope equipped for both bright field and dark field microscopy. Photographs 
on Agfa 100 ASA film were made using this microscope equipped with a Leitz vario orthomat. 
Quantitation of results 
Grains were counted using dark field illumination, since dark field has a greater depth of 
field, so that most grains over a section can be recorded in one micrograph. Sections of 
newborn rat lenses hybridized with the aA-, ßBl- and γ-crystallin probes were photographed 
and the negatives enlarged. Grains were counted over areas encompassing 10 cells (see Figure 
2). For the aA- and ßBl-crystallin probes the hybridization on 10 independent lens sections 
was quantitated, for ν the γ-crystallin probe 8 different lens sections were used. The grain 
densities and standard deviations were computed using an appropriate program. 
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RESULTS 
The localization of cellular mRNAs by in situ hybridization requires that the cellular 
morphology is maintained, that the transcripts are retained during preparation of the 
histological sections, but also that the transcripts are accessible to the hybridization probe. 
The exact fixation conditions which yield the best compromise between these conflicting 
demands vary for each tissue. Lawrence and Singer (1985) have analysed different fixatives 
and various hybridization conditions and found paraformaldehyde fixation the method of 
choice. However, paraformaldehyde fixation of rat lenses made the lenses extremely hard and 
very difficult to cut without deformation. We have tried several other fixatives and found 
Petrunkewitsch's fluid (Jeffery and Wilson, 1983) to be the best fixative for our purpose. Even 
using this fixative we were unable to cut good sections from lenses in which the dehydrated 
core had formed, i.e. lenses from rats older than one month. We have therefore concentrated 
on the analysis of the mRNA distribution during the early development of rat lens using a 
probe for a representative of each of the three classes of crystallins. These probes were anti-
sense RNA synthesized using cloned DNA copies of the rat aA-, ßBl- and γ3-1 crystallin 
transcripts as templates (see also Materials and Methods). Our choice of hybridization probes 
was guided by our previous studies, in which we have shown that transcripts of these three 
genes all accumulate early in development (Aarts et al., in preparation; Van Leen et al., 1986). 
Crystallin gene expression during fetal development 
At the 12th day of fetal development the so-called lenspit has formed (Fig. 1A). At this 
stage maybe a slight elevation of the signal from the αΑ-crystallin probe can be seen over the 
posterior cells of the pit (Fig. IB). No signal from the ßBl- or γ-crystallin probe could be 
detected. 
Half a day later the lens vesicle has formed (Fig. 1С). αΑ-crystallin transcripts are 
present in the posterior half of the vesicle and possibly also in the anterior cells (Fig. ID). 
The posterior cells also contain some γ-crystallin transcripts (Fig. IE), but again no signal from 
the ßBl-crystallin probe can be detected. 
After 13 days of fetal development, the posterior cells of the lens vesicle are clearly 
elongated (Fig. IF). These elongated cells are uniformly labeled with the aA- and the γ-
crystallin probes (Figs. IG and II resp.). In addition, aA-crystallin transcripts are found in 
the presumptive epithelial layer, where they appear to be located at the posterior side. An 
increase in the concentration of αΑ-crystallin transcripts from the central epithelial region to 
the equatorial region is seen. Note that no v-crystallin transcripts are seen in the epithelial 
cells. The concentration of ßBl-crystallin transcripts is apparently still too low to be detected 
by in situ hybridization at this stage (Fig. IH). 
At day 14, when the elongating posterior fiber cells have completely filled the lens cavity, 
transcripts from the ßBl-crystallin gene can be seen (Fig. IM). As expected, aA- and γ-
crystallin transcripts are abundantly present in these fiber cells as well. The epithelial cells 
appear to be devoid of ßBl- and v-crystallin transcripts but do contain some αΑ-crystallin 
mRNA (Figs. 1L-1N). The same pattern of distribution of the aA-, ßBl- and γ-crystallin 
transcripts is seen in lenses from 15 day old embryos (Figs. 1P-1R), where the fiber cell mass is 
homogeneously labeled with all three probes. 
88 
Figure 1: In utu hybridization on fetal rat lenses A, С F К and О bright field photographs showing fetal rat 
lenses at 12 12 S 13 14 and 15 days of development, respectively Dark field photographs of sections hybridized 
with the αΑ crystaMin probe are shown in В D G, L and Ρ with the ßBl crystaMin probe in H M and О, with 
the γ crystaMin probe in E I, N and R Hybridization conditions were as described under Materials and Methods 
Exposure was for 3 days in Ρ and R, for 4 days in E I L and N, for 5 days in G, for 6 days in В and D for 7 days 
in M and Q, and for 10 davs in M The bars represent Κ) μιπ 
( 
The distribution pattern of crystallin transcripts during 
differentiation of epithelial cells to secondary fiber cells 
After formation of the primary fiber cell mass, the epithelial cells only differentiate into 
fiber cells at the equatorial region of the lens. Thus the youngest fiber cells are found at the 
perifery of the lens, while older cells are located more intenorally. A sagittal section through a 
lens of a newborn rat shows epithelial and secondary fiber cells in all stages of differentiation, 
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Figure 2: Quantitative analysis of in situ hybridization on sections of one day old rat lenses. A: Bright field 
pholograph showing an unhybridized section of a one day old rat lens The bar represents 20 μπι B-D: Dark field 
photographs of sections hybridized with the aA-, ßBl- and γ-crystallin probes respectively. The exposure time was 
40 hours. E. Schematic drawing of the equatorial region of the lens showing the cell numbering according to 
McAvoy (1978a) F-H: Histograms for the aA-, ßBl- and v-crystallin probes respectively, showing the number of 
silver grains per 100 μπι . Standard deviations are included. 
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To analyse the accumulation of crystallin mRNA during the differentiation of the secondary 
fiber cells, we have hybridized the αΑ-, ßBl- and γ-crystallin probes to sections of a lens from 
a newborn rat. To allow a quantitative interpretation of the in situ hybridization pattern 
obtained in the differentiation zone at the equator, grains were counted over seven successive 
regions of ten cells, starting in the epithelial layer and ending in the fully differentiated fiber 
cell mass (see Figs. 2A and 2E). Significant amounts of aA-crystallin transcripts were found in 
all cells, epithelial as well as fiber cells (Figs. 2B and 2F). In contrast to the embryonic lens, 
the aA-crystallin transcripts are not uniformly distributed in the fiber cell region of the 
newborn lens but are concentrated in the cortical zone. The grain counts obtained after 
hybridization with the ßBl-crystallin probe are again low. Some grains are seen with this probe 
in the epithelial cells, but the density is not significantly above background. ßBl-crystallin 
mRNA starts accumulating during the differentiation of the fiber cells and its distribution in 
the newborn lens is not significantly different from that in the embryonic lens, γ-crystallin 
mRNAs are also distributed uniformly throughout the fiber cell mass. Unexpectedly, the 
quantitative analysis of the in situ hybridization pattern shows that γ-crystallin transcripts are 
also present in low, but significant, amounts in the epithelial cells close to the equator (Fig. 
2H). 
Distribution of aB-crystallin RNA in the newborn rat lens 
We have shown above that aA-crystallin RNA is concentrated in the cortex of the 
newborn rat lens, while ßBl- and γ-crystallin RNA are found throughout the whole fiber cell 
mass. We wondered whether this distribution pattern was specific for aA-crystallin transcripts 
or whether aB-crystallin transcripts would also show a preferential localization in the cortex. 
We have therefore also performed in situ hybridization experiments with RNA complementary 
to the last exon of the hamster aB-crystallin gene (Quax-Jeuken et al., 1985). In Fig. 3 the 
pattern obtained with this probe is compared with the pattern obtained with the aA-crystallin 
Figure 3: Companson of the distribution of αΑ- and aB-crystallin mRNAs A and В Bnght held photographs of 
the equatonal region of the newborn rat lens (hybndization with the αΑ- and aB-crystallin probe respectively). 
The exposure time was 40 hours The bar represents 20 μιπ Bright field rather than dark field photographs are 
shown to allow a better identification of the different cell types. 
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probe No difference between the two patterns can be seen, and, at least in the rat lens, the 
aA- and aB-crystallin genes are expressed at the same stage of differentiation 
DISCUSSION 
The main difficulty in the use of the in situ hybridization technique lies in the 
establishment of appropriate conditions for fixation and prchybndization treatment of the 
target tissue In our hands, the use of either Bourn's fixative or Petrunkewitsch's fluid, but 
not paraformaldehyde, yielded rat lenses which could be sectioned satisfactorily 
Petrunkewitsch's fluid appeared to retain the cellular RNA best and was therefore used 
throughout this study To reduce the background hybridization, we have relied on stringent 
post-hybridization washes rather than prehybndization treatments, since pretreating the 
sections with proteinase К (Cox et al, 1984) or acetic anhydride (Hayashi et al, 1978) resulted 
either in extensive loss of material or actually increased the hybridization background 
Prehybndization of the slides with hybridization solution without probe also did not improve 
the signal/noise ratio We encountered a particular problem in the noise level with some 
probes, such as the ßBl-crystallin probe, which for unknown reasons gave much higher 
backgrounds than other probes Strong aspecific binding of all probes was seen when we tried 
to hybridize in situ to sections of older rat lenses all probes appeared to stick heavily to the 
core of the lens A similar phenomenom was seen by Treton et al (1982), who found heavy 
labeling by a δ-crystallin probe of the central core of the lens of a one year old chicken, 
eventhough it has been shown that δ-crystallin transcripts have disappeared from the chicken 
lens by 5 months of age The artifactual "hybridization" to the lens core as well as the 
problems encountered in sectioning older lenses precluded the use of such lenses in this study 
The distribution of aA-, ßBl- and γ-crystallin mRNA in the developing rat lens reported 
here differs from that reported previously for the protein products of these genes (McAvoy, 
1978a, 1978b) in a few respects Most importantly, we find that γ-crystallin mRNA is present 
at an earlier developmental stage than reported for the γ-crystallin protein During the 
differentiation of the primary fiber cells, we find γ-crystallin mRNA equally distributed 
throughout the posterior part of the lens vesicle, while McAvoy (1978b) reports an 
accumulation of γ-crystallin protein only in the central posterior part Similarly, McAvoy 
(1978a) reports that γ-crystallin can be detected by immunofluorescence in the 1-day-old lens 
at about position -17, while we detect small, but significant, amounts of γ-crystallin RNA 
much earlier, at position +10 (cf Fig 2H) Position +10 is at the end of the proliferation 
zone of the epithelial cell layer and marks the beginning of the elongation zone (McAvoy, 
1978a) Our data thus suggest that γ-crystallin mRNA starts to accumulate as soon as the 
epithelial cells elongate This observation holds true for the differentiation of the primary cells 
as well all cells in the posterior half of the lens vesicle elongate, although this process is most 
marked for the central ones 
The difference seen between the distribution of γ-crystallin mRNA and γ-crystallin protein 
could be due to a lesser sensitivity of the technique of immunofluorescence In the case of 
αΑ-crystallin, however, the protein is detected at an earlier stage than we detect mRNA, thus 
immunofluorescence is more sensitive in that case than in situ hybridization There is no 
obvious reason why the reverse should be true for the γ-crystallins A second possibility is that 
our observation is valid only for the γ3-1 crystalhn transcript, from which our probe is derived 
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We feel that this is unlikely because the six γ-crystallin transcripts are rather homologous and 
our probe cross-hybridizes strongly with the sequences from the other five genes (Moormann 
et al, 1985, Den Dunnen et al, 1986) Furthermore, wc have analyzed the γ-crystallin mRNA 
pool by SI-nuclease mapping (Van Leen et al, 1986) and found that all γ-crystallin mRNAs 
are present in the 13 old fetus as well as in older embryonic stages (not shown) Our probe is 
thus comparable to the antisera used in the immunofluorescence studies in that it does not 
discriminate between the products from the different γ-crystallin genes We suggest that our 
observations hold true for all v-crystallin transcripts 
In the newborn rat lens ß-crystallin can be detected by immunofluorescence somewhat 
earlier in the elongation process, namely at position -5, than γ crystallin, which is first seen at 
position 17 (McAvoy, 1978a) This observation suggests that ß-crystalhn mRNA should 
accumulate at the same stage, if not earlier, than γ crystallin mRNA Unfortunately, the grain 
density obtained with the ßBl-crystalhn probe is too low to allow a reliable detection of this 
RNA in the proliferation zone of the epithelial cell layer The low grain density obtained with 
this probe was rather unexpected, since the ßBl-crystalhn gene is an "early" gene and ßBl-
crystalhn mRNA reaches its maximum concentration around the time of birth (Van Leen et 
al, 1986, Aarts et al, in preparation) Because of the high background of the ßBl-crystalhn 
probe, detection of the corresponding transcript could not be improved by longer exposure 
times 
During fetal development, the ßBl-crystallin transenpt was first detected rather late in 
development, namely after the primary fiber cells had completed elongation By 
immunofluorescence ß-crystallin could already be detected in the lens vesicle However, it has 
to be emphasized that the antisera used were directed against all rat ß-crystallin proteins 
(McAvoy, 1978b), while our probe is specific for the ßBl-crystalhn transcript The composition 
of the ß-crystalhns present in fetal rat lenses has to our knowledge not been investigated The 
in vitro translation patterns of calf lens RNA suggest that two acidic ß-crystalhns, namely ßA2 
and ßA4, may be the earliest ß-crystallin synthesized during development (Berbers et al, 
1982) Further investigation of the developmental expression of these genes is not possible, 
because the mammalian copies of these genes or the transcripts thereof have not yet been 
cloned 
We have shown here that v-crystallin RNA starts to accumulate in the elongating fiber 
cells This accumulation could be the result of increased transcription, of increased stabilization 
of mRNA or of a combination of both For example, it has been reported that the strong 
transcription of the rearranged immunoglobulin heavy chain gene in pre-B cells is masked by 
rapid turn-over of the RNA Stabilization (and thus also accumulation) of the RNA occurs 
during the further differentiation of the pre-B cell to an immunoglobulin secreting plasma cell 
(Gerster et al, 1986) A similar mechanism may control the level of expression of the crystallin 
genes during differentiation of epithelial to fiber cells We have tried to test this hypothesis by 
performing in situ hybridization experiments with probes complementary to an intronic 
sequence of a γ-crystallin gene Unfortunately, no signal was detected with this probe, either 
in epithelial or in fiber cell nuclei Indeed, with none of our probes did we detect nuclear 
hybridization, in contrast to Bower et al (1983), who did detect hybridization of a ô-crystallin 
probe to nuclei of chicken lens epithelial cells However, it must be noted that the δ-crystallin 
mRNA precursor is present in much higher levels than, for example, the γ-crystallin precursor, 
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since the δ-crystallin mRNA precursor can easily be detected in Northern blot experiments 
(Bower et al., 1983), while the γ-crystallin mRNA precursors cannot (unpublished data) 
Perhaps, the squash technique used by Jeanny et al (1985) is better suited for the detection of 
nuclear hybridization than the sectioning technique used here In view of the difficulty of 
obtaining pure populations of either lens epithelial or fiber cells, it is imperative that the 
technique of in situ hybridization is further refined to allow us to address questions relating not 
only to the level of mRNA accumulation but also to the rate of transcription 
ACKNOWLEDGEMENT 
We thank Henk Aarts for providing his ß-crystallin expression data prior to publication, 
Ruud Segers for subcloning the aB-crystalhn fragment and Tony Coenen for initial help with 
the fixation, embedding and sectioning of the rat lenses 
This investigation was carried out under the auspices of the Netherlands Foundation for 
Chemical Research (SON), with financial aid from the Netherlands Organization for the 
Advancement of Pure Research (ZWO). 
REFERENCES 
Berbers, G.A.M., Boerman, О С , Bloemendal, Η. and De Jong, W.W. (1982) Primary 
gene products of bovine ß-crystallin and reassociation behavior of its aggregates. Eur. J. 
Biochem 128, 495-502. 
Bloemendal, H. (1981) In: Molecular and cellular biology of the eye lens (Bloemendal, H., 
ed ) pp 1-47, John Wiley & Sons, New York 
Bloemendal, H (1985) Lens research: from protein to gene Exp. Eye Res. 41, 429-448. 
Bower, D.J., Ernngton, L.H., Pollock, В J , Morris, S. and Clayton, R.M (1985) The 
pattern of expression of chick δ-crystallin genes in lens differentiation and in trans-
differentiating cultured tissues. EMBO J. 2, 333-338 
Cox, K.H , DeLeon, D V , Angerer, L M and Angerer, R.C. (1984). Detection of 
mRNAs in sea urchin embryos by in situ hybridization using asymmetric RNA probes Dev. 
Biol. 101, 485-502 
Den Dunnen, J T., Moormann, R.J.M and Schoenmakers, J.G.G. (1985). Rat lens ß-
crystallins are internally duplicated and homologous to γ-crystallins. Biochim. Biophys. Acta 
824, 295-303. 
Den Dunnen, J.Τ , Moormann, R.J.M , Lubsen, Ν Η. and Schoenmakers, J.G G. (1986). 
Concerted and divergent evolution within the rat γ-crystallin gene family J. Mol. Biol. 189, 
37-46 
Dodemont, H.S , Andreoh, Ρ M., Moormann, R J M , Ramaekers, F.C S , Schoenmakers, 
J.G G. and Bloemendal, H. (1981) Molecular cloning of the mRNA sequences encoding rat 
lens crystalhns. Proc. Natl Acad. Sci USA 78, 5320-5324 
Gerster, T., Picard, D. and Schaffner, W (1986). During B-cell differentiation enhancer 
activity and transcription rate of immunoglobulin heavy chain genes are high before mRNA 
accumulation Cell 45, 45-52 
Harding.J J. and Dilley, K.J. (1976). Structural proteins of the mammalian lens- A review 
with emphasis on changes in development, aging and cataract. Exp. Eye Res 22, 1-74. 
Hayashi, S., Gillam, I.C., Delaney, A D and Tener, G.M (1978) Acetylation of 
94 
chromosome squashes of Drosophila melanogaster decreases the background in 
autoradiographs from hybridization with ~I-labeled RNA. J. Histochem. Cytochem. 36, 
677-679. 
Jeanny, J.C., Bower, D.J., Errington, L.H., Morris, S. and Clayton, R.M. (1985). Cellular 
heterogeneity in the expression of the δ-crystallin gene in non-lens tissues. Dev. Biol. 112, 94-
99. 
Jeffery, W.R. and Wilson, L.J. (1983). Localization of messenger RNA in the cortex of 
Chaetopterus eggs and early embryos. J. Embryol. Exp. Morph. 75, 225-239. 
Lawrence, J.B. and Singer, R.H. (1985). Quantitative analysis of in situ hybridization 
methods for the detection of actin gene expression. Nucl. Acids Res. 13, 1777-1799. 
Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982). Molecular cloning: A laboratory 
manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, New York. 
McAvoy, J.W. (1978a). Cell division, cell elongation and distribution of α-, β- and γ-
crystallins in the rat lens. J. Embryol. Exp. Morph. 44, 149-165. 
McAvoy, J.W. (1978b). Cell division, cell elongation, and the co-ordination of crystallin 
gene expression during lens morphogenesis in the rat. J. Embryol. Exp. Morph. 45, 271-281. 
McAvoy, J.W. (1980). Induction of the eye lens. Differentiation 17, 137-149. 
McDevitt, D.S. and Brahma, S.K. (1981). Ontogeny and localization of the α, β, and γ 
crystallins in newt eye lens development. Dev. Biol. 84, 449-454. 
Melton, D.A., Krieg, P.A., Rebagliati, M.R., Maniatis, T., Zinn, К. and Green, M.R. 
(1984). Efficient in vitro synthesis of biologically active RNA and RNA hybridization probes 
from plasmids containing a bacteriophage SP6 promoter. Nucl. Acids Res. 12, 7035-7056. 
Moormann, R.J.M., Den Dunnen, J.T., Heuyerjans, J., Jongbloed, R.J.E., Van Leen, 
R.W., Lubsen, N.H. and Schoenmakers, J.G.G. (1985). Characterization of the rat γ-
crystallin gene family and its expression in the eye lens. J. Mol. Biol., 182, 419-430. 
Piatigorsky, J. (1981). Lens differentiation in vertebrates. Differentiation 19, 134-153. 
Piatigorsky, J. (1984). Lens crystallins and their gene families. Cell 38, 620-621. 
Quax-Jeuken, Y., Quax, W., Van Rens, G., Meera Khan, P. and Bloemendal, H. (1985). 
Complete structure of the aB- crystallin gene: Conservation of the exon/intron distribution in 
the two nonlinked a-crystallin genes. Proc. Natl. Acad. Sci. USA 82, 5819-5823. 
Tréton, J.Α., Shinohara, T. and Piatigorsky, J. (1982). Degradation of δ-crystallin mRNA 
in the lens fiber cells of the chicken. Dev. Biol. 92, 60-65. 
Van Leen, R.W., Van Roozendaal, K.E.P., Lubsen, N.H. and Schoenmakers, J.G.G. 
(1986). Differential expression of crystallin genes during development of the rat eye lens. Dev. 




ANALYSIS OF AN X-RAY INDUCED HEREDITARY CATARACT IN RAT 

ABSTRACT 
Initially the formation of the particular hereditary cataract studied here has little effect on 
the pattern of the water-soluble proteins of the lens, the crystallins, or on the level of the 
crystallin mRNA: no marked difference is seen at the molecular level between wild-type and 
mutant rat lenses up to about three months after birth. At about five months of age a 
decrease in the amount of soluble crystallin is detected: all the γ-crystallins and some of the ß-
crystallins have become insoluble and at one year of age little soluble or insoluble crystallin is 
found in the lens at all. At this time, no crystallin mRNA is detectable in the cataractous 
lenses although rRNA is still present. In the mutant studied here the changes at the molecular 
level occur much later than the morphological changes, since severe morphological aberrations 
including rupture of the capsule are already observed in mutant lenses one month after birth. 
INTRODUCTION 
Cataract is a common lens abnormality in man. From the variety of syndromes with which 
cataract is associated is appears that there is no single and common cause of cataract. To trace 
the various cataractogenic factors extensive use has been made of animal, primarily murine, 
model systems (for review sec Clayton, 1985). For example, a number of mutant mice strains 
with hereditary cataract have been described (e.g. Zwaan and Williams, 1969). Most of these 
strains have been examined at the histological and protein level, but only few studies have 
addressed the molecular consequences of cataract for the lens at the level of RNA synthesis. It 
has been shown that the mRNA for a 27 kD ß-crystallin is absent in the lens of the Philly 
mouse (Carper, Shinohara, Piatigorsky and Kinoshita, 1982), while in the Cat a s e r mouse a 
premature cessation of γ-crystallin RNA synthesis was seen (Garber et al., 1985). The 
difference seen in the effect on the RNA synthesis in these two cataract mutants may be 
related to the time of onset of the cataract. 
Wc have shown that the genes for the major water-soluble proteins of the lens, the 
crystallins, are differentially expressed during normal development of the rat lens (Van Leen, 
Van Roozendaal, Lubsen and Schoenmakers, 1986). To determine to what extent the pattern 
of expression of these genes is affected by cataractogenesis we have measured the levels of 
mRNA for the various crystallins during development of the lens in a mutant rat strain with 
hereditary cataract (Léonard and Maisin, 1965). 
The abnormal development of the lens in this strain is first manifested by the presence of 
an anterior polar cataract in newborn rats (Gorthy and Abdelbaki, 1974). A progressive 
deterioration then results in complete opacification, which is present in all animals at 70 days 
of age. Takcmoto, Azari and Gorthy (1975) have shown that the cataractogenesis is 
accompanied by oxidation of the lens proteins, resulting in the formation of high MW 
aggregates. We have extended these studies and examined the protein patterns by 2D-
electrophoresis. We show here that the changes in morphology in the mutant rat lens precede 
changes in mRNA levels and protein patterns. 
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MATERIALS AND METHODS 
Cataract rat strain 
The cataract formation in the rat strain we have analysed was observed at the Department 
of Radiobiology, Centre d'Etude de l'Energie Nucleaire, Mol, Belgium, in the offspring of an 
X-irradiated young female Wistar rat and is described by Léonard and Maisin (1965). The 
strain has been inbred and maintained since in that laboratory. Dr. J. Vankerkom kindly 
provided us with a number of animals, which were used to establish a colony at the Centraal 
Dierenlaboratorium (CDL) Nijmegen. The time of appearance of the cataract is somewhat 
variable in this strain (see also Gorthy and Abdelbaki, 1974). We have used only clearly 
affected animals. 
Light microscopy 
After killing of the rats, the eyes were removed with a forceps and fixed for 3 hours at 
-20oC in Petrunkewitsch's fluid (Jeffery and Wilson, 1983). The eyes were then embedded in 
paraplast and subsequently sectioned using a Reichert-Jung 1130/biocut microtome. Sections (5 
μτη) were mounted on slides and stained with haematoxylin/eosin. The slides were examined 
in a Leitz orthoplan microscope equipped with a Leitz vario orthomat to make photographs. 
Protein isolation and electrophoresis 
Lenses were homogenized in water, the homogenate was centrifuged 10,000 χ g for 10 
min, the supernatant collected and the pellet was re-extracted with water twice. The 
supematants were combined and this fraction was designated water-soluble protein. The pellet 
remaining after the isolation of the water-soluble proteins was resuspended in water and 
prepared for electrophoresis as described below. This fraction was designated water-insoluble 
protein. 
One-dimensional electrophoresis was carried out essentially as described by Laemmli 
(1970). Aliquots of the water-soluble protein solution and the water-insoluble suspension were 
mixed with equal volumes of 50 mM Tris.HCl pH 6.8; 20% glycerol; 3% sodium dodecyl 
sulphate (SDS); 2% ß-mercapto ethanol; 0.05% bromo phenol blue, heated for 5 min at 1004: 
and loaded onto a Polyacrylamide gel. The proteins were concentrated in a 5% polyacrylmide 
stacking gel and separated in a 15% Polyacrylamide resolving gel. 
Two-dimensional electrophoresis of the water-soluble protein solution and the water-
insoluble suspension was carried out as described by O'Farrell (1975), using ampholines 3.5-10 
in the isoelectric focusing step (first dimension) and a 5% Polyacrylamide stacking gel/15% 
Polyacrylamide resolving gel in the second dimension. After completion of the electrophoresis 
the proteins were stained using Coomassie Brilliant Blue. 
Isolation, electrophoresis and identification of nucleic acids 
Chromosomal DNA was isolated from fresh rat livers using standard procedures 
(Maniatis, Fritsch and Sambrook, 1982). The DNA was cut with the restriction enzymes 
BamHI, BglH, EcoRI, Hindlll, PstI and PvuII as recommended by the supplier (Boehringcr). 
Electrophoresis, blotting and hybridization of the Southern blots was carried out as described 
by Moormann et al. (1985). 
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Isolation, electrophoresis and blotting of RNA was carried out as described earlier (Van 
Leen et al., 1986). The probes used to detect crystallin sequences were nick-translated 
(Mamatis et al., 1982) PstI restriction fragments isolated from the crystallin cDNA clones 
pRLaAl and pRLyS (Dodemont et ai, 1981), pRLßBl-З and pRLßB3-l (Den Dunnen, 
Moormann and Schoenmakers, 1985) ßs and ßBp (Quax-Jeuken, Janssen, Quax, Van den 
Heuvel and Bloemendal, 1984). The nomenclature of the ß-crystallin nucleic acid probes 
corresponds to that suggested by Berbers et al. (1984) for the bovine ß-crystallins. The exact 
orthology between the ß-crystallins found in the rat and in the calf lens has not yet been 
established. Therefore, for the proteins the nomenclature suggested by Ramaekers, 
Dodemont, Vorstenbosch and Bloemendal (1982) for rat lens proteins was used. The ßB4-
crystallin of the rat is probably orthologous to the ßB2-crystallin of the calf. 
Figure 1: Photomicrographs of sections of cataractous lenses in different stages of development The ages of the 
rats whose lenses were taken are A: 16 day old fetus; B: 18 day old fetus; С and D: newborn, E and F. one month 




A detailed histological investigation of postnatal development of the cataract in this rat 
mutant has been presented by Gorthy and Abdelbaki (1974). To ensure that the animals used 
in this study showed the same lens aberrations and to be able to directly correlate the 
morphological changes with the changes at the molecular level, we examined the morphology 
of the lens at various stages of development. The successive stages of cataractogenesis are 
shown in Figure 1: only incipient intercellular spaces are seen in sections of lenses from 16 day 
or 18 day old rat embryos (Figs. 1A and IB, respectively). These apparently enlarge rapidly, 
since, as also observed by Gorthy and Abdelbaki (1974), large posterior vacuoles are present 
in the newborn rat lens (Fig. 1С). In our colony, the pattern of cataract formation usually 
followed the course also described by Léonard, Maisin and Deknudt (1966) in that in a one 
month old lens (Fig. IE) the capsule had ruptured and an aberrant growth and proliferation 
pattern in the central part of the epithelium (Fig. IF) was seen. Gorthy and Abdelbaki (1974) 
observed a second pattern of cataract formation in about half of their animals, namely 
maturation of the cataract without rupture of the capsule. 
1 
' r It 
ill. 
- 9 4 
- 6 7 
- 4 5 
- 3 1 
- 2 1 
Figure 2: One-dimensional separation of water-soluble proteins isolated from wild-type and cataractous rat lenses 
The proteins were isolated from the lenses of 1 a 3 months old wild-type rat; 2 a 3 months old mutant rat, 3: a 5 
months old wild-type rat, 4 a 5 months old mutant rat, 5. a one year old mutant rat. The proteins were 
electrophoresed and stained as described under Materials and methods The molecular weight (in kilodaltons) of 
marker proteins is indicated on the right 
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Protein composition 
Although histological changes in the lens are clearly apparent at birth, the protein 
composition of the lens at that time is still normal. Even at three months of age, no 
differences are detected, by one-dimensional gelelectrophoresis, between the water-soluble 
protein patterns of wild-type and cataractous lenses (Fig. 2, lanes 1 and 2). At five months of 
age the cataractous lens contains less low molecular weight protein (compare Fig. 2, lanes 3 
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Figure 3: Two-dimensional separation of proteins isolated from wild-type (left) and cataractous (right) rat lenses. 
A and B: water-soluble lens protein from 1 month old rats, С and D. water-soluble lens protein from 5 months old 
rats; E and F: water-insoluble lens protein from 5 months old rats; G and H: water-soluble lens proteins from one 
year old rats. The proteins were electrophoresed and stained as described under Materials and methods. The basic 
and acidic sides of the gels are indicated below the panels by b and a respectively. 
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and 4), especially in the 25-30 kD range, where the ß-crystallins migrate, but has an additional 
high MW band. This high MW material presumably corresponds to the aggregates observed by 
Takemoto et al. (1975), and is the sole band detected in protein isolated from the lenses of 
one year old mutant rats (Fig. 2, lane 5). 
A two-dimensional separation of the lens proteins confirms and extends the conclusions 
drawn from the data presented in Fig. 2. The patterns of water-soluble lens protein from wild-
type and mutant rats are identical in one month old rats (Figs. ЗА and 3B). At 5 months of 
age the pattern has changed only slightly in wild-type rats (Fig. 3C), but in mutant rats the 
water-soluble proteins contain only a subset of the ß-crystallins and some a-crystallins, while 
the γ-crystallins are lacking (Fig. 3D). All crystallins are still found in the water-insoluble 
fraction (Fig. 3F), and actually, when the water-insoluble fractions are compared, there is no 
obvious difference between wild-type and mutant rats. At one year of age, there is little 
water-soluble protein left in the cataractous lens, only two spots are seen in the two 
dimensional pattern, one corresponding to a ß-crystallin (ßB4, for nomenclature see Materials 








Figure 4: Qualitative analysis of RNA isolated from lenses of wild-type and cataractous rats. The Northern blots 
were hybridized with nick-translated ribosomal RNA (indicated by nbo) or various crystallin probes (indicated by 
αΑ, αΒ, ßBl, ßB2, ßB3 and γ) as described under Materials and methods. Only the relevant sections of the 
autoradiograms are shown. Lanes 1 and 3 show RNA isolated from wild-type rat lenses (1 week and 1 year old 
respectively), lanes 2 and 4 show RNA isolated from cataractous rat lenses (1 week and 1 year old respectively). 
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tallin (aA2). The high MW species found in the one-
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•§ · · •»m 
% · 
dimensional separation pattern is not seen in the two-dimensional patterns, either this 
aggregate does not enter the isoelectric focusing gel or it contains complexes with different 
isoelectric points. 
RNA composition 
Crystallins are stable proteins and a change in the protein pattern of a lens is not a 
sensitive indicator for alterations in the protein synthetic or the transcriptional capacity of the 
lens. We have therefore also examined the levels of the mRNA for various crystallins. On 
Northern blots of RNA isolated from cataractous lenses from one week old rats, the mRNAs 
for aA-, aB-, ßBl-, ßB2-, ßB3- and γ-crystallin (for nomenclature used see Materials and 
Methods) are present at approximately wild-type levels (compare Fig. 4, lanes 1 and 2). At 
four months of age only minor differences between mutant and wild type levels are found (not 
shown). However, no crystallin mRNA was detected in lenses of one year old mutant rats, 
although in wild-type rat lenses aA-, aB- and ßB2-crystallin mRNA are still abundantly 
present (compare Fig. 4, lanes 3 and 4). The lack of crystallin RNA in the cataractous lenses is 
not due to complete breakdown of the lens cells, since ribosomal RNA is still present. 
Analysis of chromosomal DNA 
Although the results presented above do not provide evidence for the direct involvement 
of the crystallin genes in the cataract mutation, we have nevertheless compared the 
chromosomal DNA restriction pattern of a number of crystallin genes in the cataract mutant 
with the pattern of those genes in the wild-type rat. A typical example of our results is shown 
in Fig. 5: the restriction pattern of the ßB3-crystallin gene is identical in the mutant and wild-
type strains. Similarly, no difference was found between the wild-type and mutant restriction 
patterns of the aA-, aB-, ßBl-, ßB2-, ßs and γ-crystallin genes. 
The karyotype of the mutant rat also appears normal; no chromosomal rearrangements 
were detected. Some variation is seen in chromosome 12, but this may represent a 
polymorphism that is more obvious in mutant than in wild-type rats. Further genetic studies 
are required to map the cataract locus. 
DISCUSSION 
Not unexpectedly, our results show that the cataract studied here affects not only lens 
morphology, but the overall protein and RNA composition of the lens as well. The analysis of 
the protein patterns indicates that the marked decrease in the water-soluble protein content of 
the cataractous lens, also noted by Takemoto et al. (1975), is due to a gradual and differential 
loss of the various crystallins. The advantage of the 2D-electrophoresis technique used here is 
that the a- and γ-crystallins, which both migrate in the 20 kD range in a ID-polyacrylamide 
gel, can be separated due to their different isoelectric points. Using the 2D-electrophoresis is 
becomes apparent that the first group of crystallins to disappear completely is the γ-crystallin 
family. These proteins have a high cysteine content and are particularly prone to oxidative 
cross-linking. The behaviour of the ß-crystallins is more variable: some are among the earliest 
proteins to disappear from the water-soluble fraction, while others remain soluble much 
longer. 
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Up to about 5 months of age, the water-insoluble fraction of the lens contains the whole 
spectrum of crystallins, later on the pattern of this fraction is also simplified and in the 
cataractous lenses of a one year old animal there is little crystallin left. Hence, cataractogenesis 
in this rat mutant is accompanied not only by cross-linking of the crystallins but also by 
degradation of these proteins. In other studies low MW peptides have been found in 
cataractous lenses and injury to the fiber cells may activate proteolytic activity, which is 
Figure 5: Southern blot analysis of chromosomal DNA isolated from wild-type (lanes 1, 3, 5, 7 and 9) and 
cataractous (lanes 2, 4, 6, 8 and 10) rats The DNA was digested with Bglll (lanes 1 and 2), EcoRI (lanes 3 and 4), 
PstI (lanes 5 and 6); Bglll and EcoRI (lanes 7 and 8), EcoRI and PslI (lanes 9 and 10) The blot was hybridized 
with a nick-translated ßB3-crystallin cDNA probe as described under Materials and methods The molecular weight 
of marker fragments (in kilobasepairs) is indicated on the right 
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normally absent from the lens (Spector, 1985). 
The most surprising aspect of our study is that the changes in protein and RNA pattern 
lag behind the morphological changes. At the molecular level, no marked difference can be 
observed between the development of the mutant lens and that of the wild-type lens until 
about 3 months of age. Similar results have been obtained in the study of the Cat a s c r mouse 
(Zwaan and Williams, 1969). Here a disturbance of the differentiation process of the lens cells 
is already seen during embryonic development, but changes in RNA levels are only found after 
birth. In contrast, the loss of a ß-crystallin mRNA in the Philly mouse is seen before the 
cataract becomes apparent (Carper et ai, 1982). Clearly, various mutations that all lead to 
cataract affect the lens development differentially. These mutants may thus be useful tools not 
only on the study of cataract but also in the elucidation of the various factors that affect lens 
development. For example, our results may indicate that, in the rat, post-natal mRNA and 
protein synthesis is confined to the cortical area of the lens, which is relatively undamaged in 
this mutant. Further studies of the wild-type rat lens are required to support this suggestion. 
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The experiments described in this thesis were designed to provide insight into the 
expression of the lens-spetific crystallin genes during development of the rat eye lens In rat, 
as in other mammals, the crystalhns are encoded by three gene families the small a-crystallin 
gene family, which consists of the aA- and the aB crystallin genes, and the two large β- and 
γ-crystallin gene families, with six or seven members each We have focused mainly on the 
developmental regulation of the expression of the γ crystallin gene family 
The genomic organization of the rat γ crystallin gene family is described in chapter II 
Five ot the six members of this gene family are clustered, in a head to tail fashion, within 50 
kb of DNA The sixth gene is located at least 25 kb away from this cluster The experiments 
presented in this chapter further show that the γ-crystallin genes have a high degree of 
sequence homology Consequently, the transcripts of the individual γ-crystallin genes cannot 
be distinguished by hybridization experiments and alternative experiments had to be carried 
out to establish whether each gene is functional Two v-crystallin genes were already known 
to be active, since cDNA copies of the transcripts of these genes had been cloned previously 
To show that the other four genes are also transcribed, recourse was taken to primer extension 
and SI nuclease analysis These experiments demonstrated that in the RNA extracted from 
lenses of one week old rats the transcripts of these four γ-crystdllin genes are present Thus 
the γ crystallin gene family of the rat contains no pseudogenes 
The primer extension experiments reported in chapter II yielded the unexpected result 
that more than six primer extension products were found Two questions thus arose are the 
primer extension products indeed all derived from γ-crystallin transcripts and if so, do the γ-
crystallin genes have multiple transcription initiation sites9 To answer these questions, the 
experiments reported in chapter III were undertaken First of all, the primer extension 
products were sequenced and it turned out that they all corresponded to the expected γ-
crystalhn sequences It thus became of interest to map the transcription start points of the γ-
crystallin genes precisely Preliminary experiments had already shown that the first exons of 
the γ-crystallin genes are too short to allow accurate mapping by Sl-nuclease analysis 
Therefore clones had to be constructed from which the first intron of the genes was exactly 
deleted For this purpose a method was developed which allowed an efficient construction of 
such clones, ι e clones in which the first intron of each γ-crystallin gene was deleted precisely 
Using these clones the transcription initiation sites of the six γ-crystallin genes were mapped 
all but two genes have multiple start sites In all genes the major start site was found at the A 
of a -CA- sequence 32 bp downstream from the first Τ of the TATA box There appeared to 
be no other sequence constraints on the choice of start sites 
The experiments described in chapter III also provided the tools necessary for the analysis 
of the expression of the individual y-crystallin genes during development The developmental 
expression patterns of these genes as well as those of the α A- and ßBl-crystallin genes are 
described in Chapter IV The aA-, ßBl- and (total) γ-crystallin mRNA start to accumulate 
rapidly around 14 days of fetal development The concentrations of ßBl- and total γ-crystallin 
RNA both reach their maximal level around birth and then drop rapidly The concentration of 
aA-crystallm mRNA continues to increase until 2 months after birth and drops only slowly 
thereafter To measure the contribution of each of the six γ-crystallm genes to the pool of total 
γ-crystallin RNA, the expression of these genes was followed by primer extension analysis 
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during the pre- and postnatal period of development. As judged from autoradiographic 
analysis, no change was seen in the primer extension pattern up to three months after birth. 
However, in the pattern obtained using lens RNA isolated from 3.5 months old rats a few 
primer extended products were missing. Primer extension analysis is a simple and rapid way 
to detect changes in the expression pattern of the γ-crystallin genes, but it is only semi­
quantitative. For more exact measurements of the levels of the transcripts of each γ-crystallin 
gene in the period pinpointed by primer extension experiments, i.e. the postnatal period, Sl-
nuclease mapping experiments were performed, using the intron-deletcd clones. The 
concentration of the transcripts of the γΐ-ΐ, γ3-1 and γ4-1 genes decreased directly after birth 
and transcripts of these genes were no longer detectable in lens RNA from 3.5 months old 
rats. The levels of the transcripts of the other three genes remained the same or were even 
increased one month after birth and started to decrease slowly afterwards. These transcripts 
finally disappeared from the lens RNA in the order γ2-2, γ2-1 and γ1-2. The expression of the 
V-crystallin gene family is thus regulated differentially during postnatal development. 
The experiments described in the previous chapter provided information about the time at 
which the mRNAs of the various crystallin genes can be found. However, these experiments 
do not provide information regarding the place of mRNA synthesis/accumulation in the lens. 
Therefore in situ hybridization experiments were carried out to show where the mRNAs of the 
aA-, ßBl- and γ-crystallin genes accumulate in the lens. The results of these experiments, 
which are described in chapter V, show that there is a distinct difference in the time at which 
the crystallin mRNAs are first detectable. aA-crystallin mRNA can already be detected in the 
earliest stages of lens development at about 12 days of fetal development, followed by the γ-
crystallin mRNA at 13 days and ßBl-crystallin mRNA at 14 days. The latter two mRNAs are 
found only in the fiber cells, while the aA-crystallin mRNA is also detected in the epithelial 
cell layer. In newborn rat lenses a clear difference can be observed between the distribution 
patterns of the aA- and aB-crystallin transcripts on the one hand and the mRNAs of the ßBl-
and γ-crystallin genes on the other. aA- and aB-crystallin mRNA accumulate predominantly in 
the cortex; ßBl- and γ-crystallin mRNA accumulate towards the center of the lens. A 
surprising result of the in situ hybridization experiments was the observation that γ-crystallin 
mRNA can already be found in elongating epithelial cells, while previous studies by others 
showed that the γ-crystallin protein can be detected only in the fully differentiated fiber cells. 
In chapter VI the analysis of the expression of the crystallin genes in a rat strain with 
hereditary cataract is described. In this strain an incipient cataract is present at birth, while full 
expression of the mutant phenotype is seen in all animals 70 days after birth. The results of 
the experiments reported in this chapter show that, in this mutant rat strain, cataraclogenesis 
does not interfere with the synthesis of the crystallins until about 90 days after birth: no 
marked aberrations were detected in the levels of crystallin mRNA or in the crystallin protein 
pattern before this time. At later stages, the crystallins were found in increasing amounts in 
the insoluble protein fraction. They can no longer be extracted from a one year old mutant 
lens and arc probably degraded. Similarly, a one-year old mutant lens does not contain any 
crystallin mRNA, although rRNA is still present. These experiments show that 
cataraclogenesis finally does affect the expression of the crystallin genes, but provided no 
evidence that a malfunction in any of these genes could be the primary cause for the opacity of 
the lenses in this mutant rat strain. 
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SAMENVATTING 
De in dit proefschrift beschreven experimenten werden uitgevoerd om inzicht te krijgen in 
de expressie van de lens-specifieke crystalline genen tijdens de ontwikkeling van de rattelens. 
In de rat, net als in andere zoogdieren, worden de crystallines gecodeerd door drie 
genfamilies: de α-crystalline genfamilie, die slechts bestaat uit de aA- en aB-crystalline genen 
en de twee grotere β- en γ-crystalline genfamilies, die elk zes of zeven genen omvatten. Wij 
hebben ons voornamelijk geconcentreerd op de ontwikkelingsafhankelijke regulatie van de 
expressie van de γ-crystalline genfamilie. 
De genomische organisatie van de ratte γ-crystalline genfamilie is beschreven in hoofdstuk 
II. Vijf van de zes genen van deze familie zijn, kop aan staart, gegroepeerd binnen 50 kb 
DNA. Het zesde gen ligt minstens 25 kb verwijderd van de andere vijf. De in dit hoofdstuk 
beschreven experimenten tonen verder aan dat alle γ-crystalline genen een hoge mate van 
sequentie homologie bezitten. Dientengevolge kunnen de transcripten van de afzonderlijke 
genen niet onderscheiden worden door middel van hybridisatie experimenten en moest op 
andere wijze vastgesteld worden of elk gen functioneel is. Van twee γ-crystalline genen was 
reeds bekend dat zij aktief zijn, omdat al eerder cDNA kopieën van de transcripten van deze 
genen gekloneerd waren. Om aan te tonen dat de andere vier genen ook getranscribeerd 
worden werd de toevlucht genomen tot primer-extensie en Sl-nuclease analyse. Deze 
experimenten toonden aan dat in het lens RNA afkomstig van 1 week oude ratten inderdaad 
transcripten van deze vier genen aanwezig zijn. De ratte γ-crystalline genfamilie bevat dus 
geen pseudogenen. 
De in hoofdstuk II beschreven primer-extensie experimenten gaven als onverwacht 
resultaat dat meer dan zes primer-extensieprodukten werden gevonden. Vandaar dat er twee 
vragen rezen: ten eerste, zijn alle primer-extensieprodukten afkomstig van γ-crysialline 
transcripten en zo ja, hebben de γ-crystalline genen dan meerdere transcriptie 
initiatieplaatsen? Teneinde deze vragen te beantwoorden werden de experimenten die 
beschreven zijn in hoofdstuk III uitgevoerd. De eerste vraag kon bevestigend beantwoord 
worden, omdat uit de bepaling van de nucleotide volgorde van de primer-extcnsieproducten 
bleek dat deze allemaal overeenkomen met de verwachte γ-crystalline volgorden. Daarom 
werd het interessant om de transcriptie initiatieplaatsen zo nauwkeurig mogelijk te bepalen. 
Uit eerdere experimenten was ons reeds gebleken dat de eerste exons van de γ-crystalline 
genen te kort zijn om met grote betrouwbaarheid gemeten te kunnen worden in een Sl-
nuclease beschermingsexperiment. Daarom moesten klonen geconstrueerd worden waaruit het 
eerste intron van de genen exact is verwijderd. Om dit te bereiken werd een methode 
ontwikkeld waarmee efficient het eerste intron van de γ-crystalline genen uit de klonen kon 
worden verwijderd. Met behulp van deze klonen werden de transcriptie startplaatsen van de 
zes γ-crystalline genen bepaald: op twee na bleken alle genen meerdere transcriptie 
initiatieplaatsen te hebben. In elk gen ligt de belangrijkste startplaats op een A binnen een 
-CA- volgorde die 32 bp stroomafwaarts van de eerste Τ van de TATA box is gelegen. 
Behalve voor het bepalen van de transcriptie startplaats(en) van ieder γ-crystalline gen 
konden de in hoofdstuk III beschreven technieken ook met succes worden toegepast voor het 
bestuderen van de expressie van de individuele γ-crystalline genen tijdens de ontwikkeling van 
de rattelens. De ontwikkelingsafhankelijke expressie van deze genen evenals die van de aA-
en ßBl-crystalline genen wordt beschreven in hoofdstuk IV. De aA-, ßBl- en de (totale) γ-
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crystalline mRNAs zijn -althans met de toegepaste methoden- voor het eerst detecteerbaar 
rond de 14e dag van de foetale ontwikkeling en blijken daarna zeer snel in hoeveelheid toe te 
nemen. De concentraties van zowel ßBl- als totaal γ-crystalline mRNA bereiken een 
maximaal niveau rond het tijdstip van geboorte en dalen daarna snel. De concentratie van het 
aA-crystalline mRNA blijft toenemen tot 2 maanden na de geboorte en neemt daarentegen 
slechts langzaam af. Teneinde de bijdrage van elk van de zes v-crystalline genen aan de totale 
hoeveelheid γ-crystalline RNA te bepalen werd het expressiepatroon van deze genen 
gedurende de pre- en postnatale ontwikkeling bestudeerd met behulp van primer-extensie. Het 
primer-extensiepatroon blijkt relatief weinig te veranderen tot 3 maanden na de geboorte. In 
het patroon dat verkregen werd met RNA geïsoleerd uit lenzen van 3.5 maand oude ratten 
bleken echter enkele produkten te ontbreken. Hoewel veranderingen in het expressiepatroon 
van de γ-crystalline genen eenvoudig en snel waargenomen worden met behulp van de primer­
extensie analyse, is deze methode slechts semi-kwantitatief. Om de hoeveelheden van de 
transcripten van de verschillende genen nauwkeuriger te kunnen bepalen tijdens de periode, 
waarvan uit de primer-extensie experimenten gebleken was dat deze van belang is, namelijk de 
tijd na de geboorte, werden Sl-nuclease beschermingsexperimenten uitgevoerd. Hierbij werd 
gebruik gemaakt van de hierboven beschreven intron-loze klonen. De concentratie van de 
transcripten van de γΐ-l, γ3-1 en γ4-1 genen daalt direct na de geboorte en transcripten van 
deze genen konden niet meer aangetoond worden in lens RNA van 3.5 maanden oude ratten. 
Een maand na de geboorte was de hoeveelheid van de transcripten van de andere drie genen 
hetzelfde of zelfs iets hoger en begon daarna slechts langzaam af te nemen. Deze transcripten 
verdwijnen uiteindelijk uit het lens RNA in de volgorde γ2-2, γ2-1 en γ1-2. Uit deze 
experimenten kan derhalve geconcludeerd worden dat de expressie van de γ-crystalline 
genfamilie tijdens de postnatale ontwikkeling differentieel gereguleerd wordt. 
De experimenten die in hoofdstuk IV beschreven zijn geven weliswaar belangrijke 
informatie omtrent het tijdstip waarop de mRNAs van de verschillende genen in de lens 
kunnen worden aangetroffen, zij geven echter geen informatie over de plaats in de lens waar 
de mRNA aanmaak/ophoping plaatsvindt. Daarom werden in situ hybridisatie experimenten 
uitgevoerd ten einde vast te stellen waar in de lens de mRNAs van de aA-, ßBl- en de γ-
crystallinc genen zich ophopen. De resultaten van die experimenten zijn beschreven in 
hoofdstuk V. Er blijkt een duidelijk verschil te zijn in het tijdstip waarop de verschillende 
crystalline mRNAs voor het eerst aangetoond kunnen worden. aA-crystalline mRNA kan 
reeds aangetoond worden in de allervroegste ontwikkelingsstadia van de lens op ongeveer de 
12e dag van de foetale ontwikkeling, gevolgd door de γ-crystalline mRNAs op de 13e dag en 
de ßBl-crystalline transcripten op de 14e dag. Deze laatste twee mRNAs worden alleen in de 
fibercellen aangetroffen, terwijl aA-crystalline mRNA ook in de epitheliale cellaag gevonden 
wordt. In lenzen van pasgeboren ratten is een duidelijk verschil waarneembaar in de verdeling 
van de aA- en aB-crystalline transcripten enerzijds en de ßBl- en de γ-crystalline mRNAs 
anderzijds. De aA- en aB-crystalline mRNAs hopen zich voornamelijk op in de cortex; de 
ßBl- en γ-crystalline mRNAs worden meer naar het centrum van de lens toe gevonden. Een 
verrassend resultaat van de in situ hybridisatie experimenten was de waarneming dat γ-
crystalline mRNA reeds in zich strekkende epitheelcellen aangetroffen kan worden, terwijl 
door anderen is aangetoond dat het γ-crystalline eiwit pas gevonden kan worden in ds volledig 
gedifferentieerde fibercellen. 
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In hoofdstuk VI wordt de analyse van de expressie van de crystalline genen in een 
rattestam met erfelijke cataract beschreven. In deze stam worden reeds bij de geboorte de 
eerste verschijnselen van cataract waargenomen, terwijl volledige expressie van het mutante 
fenotype rond de 70e dag na de geboorte gevonden wordt. De resultaten van de experimenten 
die in dit hoofdstuk beschreven zijn, tonen aan dat de cataractogenese geen invloed heeft op 
de aanmaak van de crystallines tot ongeveer 90 dagen na de geboorte: tot dit tijdstip werden 
geen duidelijke afwijkingen in het niveau van crystalline mRNA of in het crystalline eiwit 
patroon waargenomen. In latere stadia werden de crystallines in toenemende mate in de 
onoplosbare eiwitfractie aangetroffen. Zij kunnen niet langer geëxtraheerd worden uit de lens 
van 1 jaar oude mutant ratten en worden waarschijnlijk afgebroken. Evenzo bevat de lens van 
1 jaar oude mutant ratten geen crystalline mRNA meer, hoewel rRNA nog steeds aanwezig is. 
Deze experimenten tonen aan dat de vorming van cataract uiteindelijk wel invloed heeft op de 
expressie van de crystalline genen, maar zij geven geen aanwijzing voor de mogelijkheid dat 
het slecht functioneren van een van deze genen de primaire oorzaak zou kunnen zijn van de 




Een cel is de kleinste eenheid van elk levend organisme. De hogere organismen zoals 
mensen en ratten (het proefdier dat in deze studie gebruikt werd) zijn opgebouwd uit talloze 
cellen. Een cel kan men zich voorstellen als een zak met vloeistof waarin zich allerlei 
verschillende stoffen bevinden. Het is echter geen ongeorganiseerde rommel binnenin die zak. 
Een heleboel dingen worden door een soort stellage op hun plaats gehouden en verschillende 
functionele eenheden binnen de cel zijn ondergebracht in aparte ruimtes. Een cel lijkt een 
beetje op een fabriek. Het centrale "brein" van de cel is de kern, die men als een 
direktiekantoor zou kunnen beschouwen. In de kern wordt een plan opgesteld en een kopie 
daarvan wordt doorgegeven aan het produktieapparaat dat zich elders in de cel bevindt. Daar 
wordt de kopie gelezen en er wordt een produkt gemaakt zoals dat door de direktie was 
bedoeld. In de cel is zo'n produkt vaak een eiwit en voor cellen met een speciale funktie zijn 
dat speciale eiwitten. Gespecialiseerde cellen zijn verdeeld in groepen met een zelfde funktie 
(organen). Zo zijn er bijvoorbeeld lever- en niercellen, maar ook ooglenscellen. In lenscellen 
komen een aantal bijzondere eiwitten voor die crystallines genoemd worden. Er zijn 
verschillende crystallines die samen in de lenscel dicht op elkaar gestapeld worden. Daardoor 
ontstaat een harde heldere glasachtige stof die goed licht doorlaat. Maar net als er 
ondoorzichtig glas bestaat, zo komen er ook troebele lenzen voor. Dat is vaak het gevolg van 
een storing in een van de vele cellulaire processen, waardoor de stapeling van crystallines niet 
zo nauwkeurig kan gebeuren als nodig is voor een goede doorzichtigheid. Een organisme dat 
zoiets treft heeft dan staar ofwel cataract. Men zou kunnen zeggen dat in dit proefschrift is 
beschreven hoe plannen van de direktie van een lenscel gekopieerd worden en wanneer. 
Anders gezegd: er is onderzocht hoe en wanneer de dragers van informatie voor de aanmaak 
van verschillende crystallines, de zogenaamde boodschapper RNAs (mRNAs), worden 
gemaakt. Verder is onderzocht waar de verschillende mRNAs zich in de lens bevinden en tot 
slot is geanalyseerd of een rat met erfelijk cataract afwijkingen vertoonde in de aanmaak van 
de verschillende crystallines. De conclusie die uit de experimenten getrokken kan worden is 
dat in gezonde ratten verschillende crystallines op verschillende tijdstippen gemaakt worden. 
Bovendien verschillen de hoeveelheden van de afzonderlijke boodschappers per cel afhankelijk 
van de positie van de cel in de lens. Zeer waarschijnlijk is de variatie in de plaats en het 
tijdstip van de aanmaak van crystallines noodzakelijk voor de juiste eiwitstapeling in de lens. 
De onderzochte cataract ratten bleken op korrekte wijze crystallines te maken, maar wel een 
erg vreemde lens te vormen. Een normale ontwikkeling van de lens wordt waarschijnlijk 
onmogelijk gemaakt door storingen in andere cellulaire processen. 
Tot slot een waarschijnlijk onbevredigend antwoord op de vaak gestelde vraag wat dit 
onderzoek nu voor nut heeft. De resultaten van de in dit proefschrift beschreven experimenten 
dragen een klein beetje bij tot een beter inzicht in de complexe processen die er voor zorgen 
dat in gespecialiseerde organen alles goed verloopt. Het maatschappelijk nut van dergelijk 
zuiver wetenschappelijk onderzoek is niet direkt aanwijsbaar, maar wanneer alle informatie die 
op deze manier in de loop der jaren verkregen wordt tesamen genomen wordt levert dat 
wellicht uiteindelijk zoveel informatie op betreffende de situatie in gezonde organismen dat 
aan de hand daarvan vastgesteld kan worden welk cellulair proces verstoord is in een ziek of 
afwijkend organisme. In dat licht bezien draagt het hier beschreven onderzoek een beetje bij 




De schrijver van dit proefschrift werd op 22 juli 1957 te Dordrecht geboren, alwaar hij 
ook de lagere school doorliep. De middelbare schoolopleiding werd gevolgd in Arnhem en 
Dordrecht. In 1976 werd het Atheneum-B diploma aan het Christelijk Lyceum te Dordrecht 
behaald. In dat zelfde jaar werd met de studie Biologie begonnen aan de Rijksuniversiteit te 
Utrecht. Daar werd in juni 1979 het kandidaatsexamen B4 afgelegd. Het doctoraalexamen 
met als vakken: Electronen Microscopische Structuur Analyse (Prof. dr. P.F. Eibers); 
Moleculaire Genetica (Prof. dr. G.A. van Arkel; Dr. C.A.M.J.J. van den Hondel); 
Moleculaire Biologie (Prof. dr. H.O. Voorma; Dr. W.J.C. Amesz) en Biochemie (Prof. dr. 
L.L.M, van Deenen; Dr. J.A.F, op den Kamp) werd in juni 1982 cum laude afgelegd. Op 1 
augustus 1982 volgde de indiensttreding bij Z.W.O. (SON). In de periode van vier jaar 
daaropvolgend werd het onderzoek dat in dit proefschrift beschreven is verricht in het 
Laboratorium voor Moleculaire Biologie van de Faculteit der Wiskunde en 
Natuurwetenschappen van de Katholieke Universiteit Nijmegen. Op 1 augustus 1986 werd de 
auteur van dit proefschrift aangesteld bij de Vakgroep Virologie van de Faculteit 
Diergeneeskunde van de Rijksuniversiteit Utrecht, waar hij onderzoek doet dat er op gericht 
is de peplomeereiwitten van Coronavirussen tot expressie te brengen ten einde een aantal 
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